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1.1 Why study wildfire? 
 
A massive wildfire ripped through a section of Portugal on Sunday, June 18, 2017 killing 
more than 60 people and injuring hundreds more (CNN.com). In addition to the tragic loss 
of life, the damage and impacts of this and other fires reach far beyond the obvious loss of 
vegetation.   
 
Every year, around 45,000 forest fires break out in southern Europe, burning around half a 
million hectares of forests (Moreira et al., 2011). In Portugal, between 1980 and 2010, an 
average of 110,000 hectares burned every year (Stoof et al., 2015; Giglio et al., 2010; FAO, 
2007; Giglio et al., 2006). Fires in Portugal are often one of the major reasons contributing 
to forest disruption and renovation (Cerdà and Robichaud, 2009). 
 
Besides the obvious loss of forests and the socioeconomic consequences, fires can create 
smoke pollution, release greenhouse gases, and damage ecosystems (NASA). Fires can also 
increase surface temperatures and soil hydrophobicity as well as impact nutrient cycling 
(Richards et al. 2012). The increased frequency and severity of fires over the past few 
decades have considerable negative ecological consequences in terms of soil erosion, 
decreasing soil fertility (Stoof et al., 2015; Cerdà and Robichaud, 2009; Certini, 2005) and 
forest productivity. The effects of one single forest fire on runoff and soil erosion are well 
known, especially in terms of overland flow and soil loss until the vegetation recovers 
(Shakesby, 2011). However, the effects of repeated fires and their impacts on maritime pine 
plantations, which are widespread in Portugal, have received less attention (Malkisnon et 
al., 2011). Correct identification of the areas sensitive to fire, in addition to better 
knowledge and understanding of the impacts of wildfires on plant-water-soil interactions, 
and the application of proper restoration methods will help to better manage the effects of 
fires in order to decrease the susceptibility of these areas to repeated fires.  
 
Compared to prior studies on the effects of single and recurrent fires, the present study is 
advance in the sense that it will investigate: 
 
 The impact of recurrent vs. single event wildfires on runoff, erosion, soil fertility and 
nutrient losses, including comparing them to long-unburnt areas;  
 The effectiveness of the use of surfactant-coated seeds and pine needle mulch on 
reducing erosion under field conditions; 
 The testing of a model aimed at developing parameters of erosion after a fire. 
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1.2 Characteristics and causes of wildfires 
 
Increases in temperature can make vegetation dry to the point that just a spark ignites a 
flame. Humans, either through accident or arson, cause most of the wildfires around the 
world, although natural causes such as lightning strikes can also trigger a blaze (Aponte et 
al., 2016). For a wildfire to burn, the following three elements need to exist: (i) Fuel in the 
form of trees, organic matter and vegetation, (ii) oxygen, and (iii) heat. These three 
elements combine and interact to establish a fire’s characteristics such as fire spread rate, 
duration, intensity and a fire’s heat.  
 
How does wildfire effect soil?  The main changes of the soil status after a fire is shown in 
(Figure 1.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Short-term (≈ 1-2 years) soil and vegetation cover changes after a single wildfire (Adapted 
                   after: Caon et al., 2014). 
 
The main factors involved in causing a wildfire are: 
 
1) An ignition source ignites combustible material such as trees, shrubs, and/or the humus 
layer on forest soils which then starts to burn, generating heat and igniting additional 
material in the forest. The fire’s range is increased as heat is released and the 
temperature of the surroundings increases. The fire grows to such an extent that the 
whole fire load decomposes with the evolution of a flammable gas mixture.  
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2) Weather conditions are crucial for the development of a fire and for determining the 
danger to a region once a wildfire starts. The wildfire season in Southern Europe 
generally occurs during the dry season from April to October. Catastrophic fires tend to 
occur during periods of extended drought and/or wind storms. The term fire regime 
refers not only to the fire intensity, type and behaviour, but also the factors that 
influence a fire event such as: fuel type, topography, weather conditions  and severity 
of the fire ( Fernandes et al., 2016; Christensen, 1993). 
 
3) Air humidity is affects forest fire behaviour. If the humidity is low, the potential fuel for 
a fire becomes dryer. If the humidity is high, the fuel will absorb moisture thus making 
ignition quite difficult. Rainfall can also cause the fuel to become wet, but not all fuels 
absorb   the same amount of moisture. Decreased precipitation is the main factor that 
affects the moisture content of fuel (Piñol et al., 1998). The surface area and the amount 
of fuel on a surface influences how quickly a fuel will catch fire and burn (Scott and 
Burgan, 2005). Different fuels catch fire at different temperatures. For instance, 
eucalyptus and dry sticks catch fire quickly but large wet pieces of wood take longer to 
absorb enough heat to ignite. The less moisture in the fuel, the greater the chance that 
it will burn (Wittenberg et al., 2014; Scott and Burgan, 2005).  
 
4) Wind is another factor in determining the spread of fire. Wind affects the supply of 
oxygen to the burning fuel such that unburned fuel can receive energy via radiation and 
convection at an increased speed as the wind increases. Wind can also dry out the fuel 
thus reducing moisture (De Haan and Icove, 2011). 
 
5) Insufficient land management causes the accumulation of fuel in the forests. The 
practice of planting non-fire resistant tree species close together also influences the fire 
regime of an area (Fernandes et al., 2016). 
 
6) The shape of the land (terrain) has an important impact on wildfire behaviour. Steep 
slopes increase the speed of a fire since fuels are essentially preheated from the fire 
below through radiation. Rough terrain with narrow valleys affects the direction of a fire 
and increases the speed of fire spread. The direction that a slope is facing also effects 
how a fire spreads since the fuel on slopes facing the sun are  drier thus they burn faster 
(Pierson et al., 2002).    
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1.3 Effects of wildfires  
 
1.3.1 Vegetation cover 
 
The hazards posed to vegetation will depend on the fire and the characteristics of the plants 
exposed to a specific fire. The chance of a plant being killed by a fire depends on the 
duration of the fire and the fire’s temperature. Plant cover is linked to the time interval 
between fires which differs among different plant groups (Tessler et al.,2016). Ash cover in 
the burnt sites averaged approximately 10 cm deep and the depth of the O horizon in the 
unburnt sites was 7–10 cm. There was no vegetation that remained in the repeatedly (4×) 
burnt sites. The shrub layer and some pine trees were destroyed in the sites which burned 
only once. Annual vegetation, pine trees, and shrub layers covered the unburnt sites. 
 
These results suggest that plant regeneration after recurrent fires occurs faster when the 
time intervals between fires are longer whereas high fire frequency might suppress 
vegetation regeneration (Tessler et al.,2016). Through the burning of the vegetation the 
following processes can occur: (1) the mineralization of nutrients and carbon stored in the 
vegetation (Moreira et al.,2013), (2) the formation of charcoal as well as ash with nutrients 
and carbon, (3) the volatilization of nutrients and CO2. 
 
1.3.2 Soil properties 
 
The soil properties can change after a fire which can be short-, long-, or permanent changes, 
depending on which property and the frequency and severity of the fire (Certini, 2005). The 
burning of the litter layer of forest soils by wildfires results in losses of nutrient and organic 
matter (OM), decreased evapotranspiration and infiltration and increased runoff (Samanta 
et al., 2010). The direct consequences of burning  soil has many effects including: (1) the 
formation of an ash layer which includes the nutrients and carbon from the burnt vegetation 
and increases soil pH (Moreira et al. 2013), (2) the loss via volatilization  of the carbon and 
nutrients stored in the soil layer, (3) the reduction of soil fauna and flora, (4) the destruction 
of soil structure and the increase of soil water repellency, and (5) the leaching of nitrate .  
 
Nutrient volatilization is considered the main cause of nutrient loss from both the O and the 
A horizons immediately after a fire (Caon et al., 2014). If the ash is not washed away by 
surface runoff or blown away by wind, higher amounts of  nitrogen and phosphorus could 
be found in the burned soil than in the unburned soil (Caon et al., 2014).  
 
A porous well-structured soil is essential for the movement of water, air, and nutrients 
through soils. The soil organic matter contributes directly to the productivity and 
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sustainability of wild land ecosystems (Neary et al., 2005). Organic matter burns have 
several ecological and environmental impacts and biomass burning is a significant global 
source of atmospheric gases (González-Pérez et al., 2004).   
 
The strength of post-fire soil water repellency depends on various factors such as fire 
severity and timing, vegetation type, soil texture, and soil moisture ( Gralewicz et al., 2012; 
Woods et al., 2007). Vertical water movement is severely limited in dry water repellent soil 
and as a consequence, infiltration rates can be strongly reduced ( Granged et al., 2011a; 
Dekker et al., 2000; DeBano, 1981). Soil hydrophobic characteristics can play an important 
role in the potential for increased runoff and erosion after a fire. Some factors commonly 
cause the formation of a water repellent layer: the  thickness of the litter layer prior to the 
fire, the high intensity of surface and crown fires, the prolonged periods of intense heat, 
and the coarseness of the soil texture ( NRCS, 2000; Doerr et al., 1996).    
 
1.3.3 Runoff and soil erosion 
 
Repeated forest fires effect eco-geomorphic processes and decrease ecosystem resilience. 
Observations after a fire event revealed that vegetation recovery was significantly lower 
after a repeated fire than after a single fire. Repeated fires reduce surface cover causing 
more soil to be exposed which can lead to higher runoff and erosion rates (Malkisnon et al., 
2011; Wittenberg and Inbar, 2009a). Reduced vegetational canopy (Stoof et al., 2012), and 
the absence of any surface-water storage capacity, can contribute to erosion. A wildfire can 
decrease the retention of soil water (Stoof et al., 2015) and reduce infiltration which 
increases runoff and soil erodibility (Stoof et al., 2015; Moody and Ebel, 2014; Onda et al., 
2008; Nunes et al., 2005).  
 
 
1.4 Restoration techniques and post fire management 
 
A good understanding of post-fire vegetation recovery is needed for defining strategies to 
decrease nutrient losses, runoff and erosion (Lozano et al., 2012). The application of actual 
fire management techniques on a field scale, such as keeping burnt woody materials on the 
soil surface as well as sowing and mulching is vital in protecting soil fertility and supporting 
vegetation recovery (Fernandez-Manso et al., 2016). A measure like post-fire seeding, either 
with or without mulching, can also contribute to reducing erosion risk. Mulching aims at 
directly reducing runoff and soil erosion  (Díaz-Raviña et al., 2012) whereas seeding aims at 
reducing it indirectly through improving vegetation recovery. Madsen et al. (2013a) and 
 
 
General introduction  13 
 
Prats et al. (2013) showed the effectiveness of using surfactant-coated seeds and mulching 
to decrease runoff, soil erosion and OM losses. 
 
In addition, some other possible techniques to decrease post-fire erosion on the slope and 
catchment scale could be weed control (noxious weeds displace native plants and affect 
plant productivity and diversity), contouring log terraces (creation of channels on the slopes 
to delay water and sediment transported by water downslope), silt fences, straw bale check 
dams, water bars and culverts (Moench and Fusaro, 2012).  
 
 
1.5 Post-fire erosion risk assessment, using revised Morgan-Morgan-
Finney (MMF) model  
 
Post-fire erosion is an important concern because of the potential impacts on soil and water 
resources which also have consequences for the people in adjacent areas. Increases in 
wildfire frequency and burned areas are expected when considering probable future 
climate scenarios for the Mediterranean region (Fernández et al., 2010). Accurate 
predictions of post-fire erosion rates are needed to estimate the potential impacts of 
wildfires on on-site ecosystem services as well as on downstream aquatic habitats while at 
the same time accessing the potential benefits of post-fire rehabilitation treatments (Larsen 
and MacDonald, 2007).   
 
Modelling is a common approach for making predictions. In wildfire science, there is still a 
need to advance the representation of burned areas in models and the determination of 
fitting model parameters, especially since model applications tend to focus on specific study 
sites and the parameters are not tested for general applications elsewhere. The present 
study focused on developing generalized parameters for the Morgan–Morgan–Finney 
(MMF) model to improve the prediction of the impact of recurrent wildfires on runoff and 
erosion. The MMF model affords a stronger physical base than the universal soil loss 
equation.  The MMF model has proved to be simple to use and is reputed to give reasonable 
estimates of annual runoff and erosion (Morgan, 2001) for conditions similar to those in this 
research study.  
 
 
1.6 Objective of the research  
 
The overall aim of this study is to contribute to a better knowledge and understanding of 
the impacts of repeated vs. individual wildfires on runoff and soil erosion and the related 
nutrient losses occurring in maritime pine plantations in north-central Portugal (Figure 1.2). 
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This will increase understanding of the effects of fire and contribute to efforts to decrease 
the vulnerability of an area to repeated fires.  
 
The specific questions of this research are the following: 
 What is the effect of fire frequency on runoff, soil erosion, and loss of organic matter at 
the micro-plot scale in maritime pine plantations in north-central Portugal? 
 What is the effect of fire frequency on nitrogen and phosphorus losses by runoff? 
 What is the short-term effectiveness of seeding with surfactant-coated seeds and 
mulching with pine needles for reducing post-fire runoff and erosion? 
 Is the MMF model sufficient for developing generalized parameters for post-fire erosion 
risk assessment? 
 
To address these questions, we selected nine sites in a maritime pine plantation following 
a large wildfire in September 2012 that affected roughly 3000 ha of the Viseu municipality 
in north-central Portugal. Three of the sites had not been burned (0x) since 1975 and acted 
as controls and were covered with pine trees, shrubs, and annual vegetation. Three sites 
had burned only in 2012 (1x) and contained burnt pines but no shrubs or annual vegetation. 
Lastly, three degraded sites were chosen that had been burned four times (4x) since 1975 
and had no vegetation cover. 
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1.7 Thesis outline 
 
Figure 1.2 summarizes the outline of the thesis and specifies the topics that are discussed 
in each chapter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Thesis outline, indicating the Chapters and topics of study. 
 
Chapter 2 addresses: (i) the effect of the frequent recurrence of fire on the generation of 
overland flow and related sediment and OM losses at the micro-plot scale, (ii) temporal and 
spatial variations on the runoff and erosive response at the micro-plot scale, and (iii) the 
role of ground cover, soil moisture content, and soil water repellency (SWR) in runoff and 
associated sediment and OM losses at the micro-plot scale.  
 
Chapter 3 addresses total (i.e. dissolved plus particulate forms) nitrogen and phosphorus 
losses caused by runoff in maritime pine plantations suffering different fire frequencies. The 
specific objectives were to: i) assess total N and P losses from topsoil by runoff, due to fire 
history of sites and, ii) assess the effect of fire frequency on N and P losses by runoff for a 
better understanding of N and P cycles after fire.  
 
 
16  Chapter 1 
 
 
Chapter 4 deals with the effectiveness of 4 different erosion mitigation techniques and post-
fire restoration measures to reduce runoff and erosion after repeated wildfires in a maritime 
pine forest. These measures include: i) application of pine seed, ii) sowing of pine seeds 
combined with the use of pine needle mulch, iii) sowing grass seed and iv) sowing 
surfactant-coated grass seed to reduce runoff and erosion. 
 
Chapter 5 focuses on developing generalized parameters to improve the prediction of the 
impacts of recurrent wildfires on runoff and erosion using the revised Morgan-Morgan-
Finney (MMF) model and on furthering the understanding of the underpinning model 
parameters, in particular those related to soil physical properties. 
 
Finally, chapter 6 presents a synthesis of the research, presenting the main conclusions as 
well as recommendations for further research. 
 
1.8 Study Area 
 
The data collection was conducted in an area containing Pinus pinaster that was burned by 
a wildfire in September 2012 and, based on existing burnt area maps, had burned on three 
other occasions since 1975 (Figure 1.3). Since the ashes were black, the litter layer and the 
understory vegetation were most affected by the fire and the tree crowns were only 
partially destroyed (Keeley, 2009; Shakesby and Doerr, 2006). The study area was mainly 
surrounded and covered by stands of P. pinaster, which is a highly flammable tree species 
with a rotation cycle of 40 years ( Moreira et al., 2013; Keeley, 2009) and had  Pterospartum 
tridentatum as the predominant shrub species (Cunningham et al., 2008).   
 
Figure 1.3 Locations of study area in the Viseu municipality-Portugal. Site abbreviation: 4x burnt, 1x burnt 
                   and unburnt. 
 
 
General introduction  17 
 
Nine slopes with similar gradients and covered with maritime pine were selected. Three 
were in sites that had burned four times (4x) between 1975 and 2012 (1978, 1985, 2005, 
and 2012). Three were in sites which had only burned in September 2012 (1x), and three 
sites that had not burned since 1975 (0x) but were near a burnt area that acted as long 
unburnt. Ash cover in the burnt sites averaged approximately 10 cm deep, and the depth of 
the O horizon in the unburnt sites was 7–10 cm. There was no vegetation that remained in 
the repeatedly (4×) burnt sites, and the shrub layer and some pine trees were destroyed in 
the sites which burned only once. 
 
Annual vegetation, pine trees, and shrub layers covered the unburnt sites. The study area is 
located in north-central Portugal and is part of the Vouga River Basin which drains into the 
Ria de Aveiro coastal lagoon. According to Köppen’s system, the climate can be classified as 
temperate Csb, i.e. as humid meso-thermal with a prolonged dry and warm summer, or a 
humid Mediterranean climate. Annual rainfall ranges from 1200 to more than 2000 mm 
year-1 and mean monthly temperatures range from 9°C in January to 23°C in July (SNIRH, 
2014). The terrain has a relief with steep slopes of around 20-30°. The bedrock consists of 
schists and the soils are mainly humic Cambisols and epileptic Umbrisols and, to a smaller 
extent, umbric Leptosols. As elsewhere in the region, soils are shallow, less than 30 cm deep, 
and are susceptible to degradation by soil erosion and land use. 
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2. Effect of fire frequency on runoff, soil erosion, 
and loss of organic matter at the micro-plot 
scale in north-central Portugal 
 
 
Wildfire is a natural phenomenon that is a common ecological factor in Mediterranean 
ecosystems. The increase in occurrence in recent decades has raised widespread concern 
about the impact of repeated wildfires on runoff and erosion, a topic that has not been 
widely studied. We addressed these concerns in an area of north-central Portugal by 
comparing runoff at the micro-plot scale and the associated transport of sediments and 
organic matter (OM) in unburnt, once burnt, and repeatedly burnt plantations of 
maritime pine. We selected nine sites following a large wildfire in September 2012 that 
affected roughly 3000 ha of the Viseu municipality. Three of the sites had not burnt since 
1975 and acted as controls, with covers of pine trees, shrubs, and annual vegetation; three 
sites had burnt only in 2012 and contained burnt pines but no shrubs or annual vegetation; 
and three degraded sites had suffered from three wildfires prior to 2012 and contained no 
vegetation. We established nine micro-plots (0.25 m2) at each site and collected runoff, 
eroded soil, and OM losses in tanks after each rain from October 2012 to September 2014. 
The repeated wildfires strongly increased the runoff coefficient and the risk of downstream 
flooding after heavy rains. OM losses were nearly half the volume of the eroded soil in the 
degraded sites due to the transport of ash in the runoff. Runoff and soil losses occurred not 
only after erosive rainstorms following a fire but also after a subsequent period of drought. 
Soil cover, rain intensity, and soil moisture were key factors in the amount of runoff and 
erosion. The insights provided by this study can contribute to pre- and post-fire activities 
and management in protect areas and can thus improve post-fire recovery. 
 
 
 
 
 
 
 
 
 
 
 
Based on:  
Hosseini, M., Keizer, J.J., Pelayo, O.G., Prats, S.A., Ritsema, C.J. and Geissen, V., 2016. Effect 
of fire frequency on runoff, soil erosion, and loss of organic matter at the micro-plot scale 
in north-central Portugal. Geoderma, 269, pp.126-137. 
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2.1 Introduction 
 
Fire is a serious and frequent disturbance in forest ecosystems, especially in Mediterranean 
regions due to their dry, hot summers followed by frequent and high-intensity rain in the 
autumn immediately after the summer wildfires (Badía et al., 2014; Bento-Gonçalves et al., 
2012; Shakesby, 2011). Wildfires regularly occur in north-central Portugal and are thought 
to be a serious contributor to erosion and land degradation (Prats et al., 2014; Bento-
Gonçalves et al., 2012; Shakesby, 2011). Changes in land use, forest plantations, and human 
activities have increased the flammable biomass. These changes have rendered our research 
area in Portugal increasingly susceptible to both wildfire and the accompanying ecosystemic 
degradation (Carreiras et al., 2014). New areas prone to wildfires have concurrently 
increased in number (Nunes et al., 2005), therefore, improving forest management to 
decrease soil losses has become increasingly important (Badía et al., 2014).  
 
Repeated fires reduced vegetation cover followed by a higher exposure of the soil surface 
which is leading to higher runoff rates, and cause more soil erosion (Malkisnon et al., 2011; 
Wittenberg and Inbar, 2009a). Therefore, the present study is focused on and contributes to 
a better understanding of the impact of repeated wildfires on runoff and physical soil 
properties such as erodibility and OM losses in plantations of maritime pine (Pinus pinaster 
Ait.).  
 
Heat, which is a direct effect of fire on soil, can change the physiochemical properties of the 
soil, depending on the temperature reached during a fire and the duration of the fire (Stoof 
et al., 2015; Caon et al., 2014; Mataix-Solera et al., 2011; Stoof, 2011; Keeley, 2009). Some 
of the physical change that occurred can causes a decrease in soil porosity and increase in 
bulk density (Aznar et al., 2016; Stoof et al., 2015; Stoof et al., 2011; Alauzis et al., 2004; 
García-Corona et al., 2004) and can decrease the retention of soil water (Stoof et al., 2015; 
Ebel, 2012; Shakesby, 2011; Stoof, 2011) and infiltration (Stoof et al., 2015; García-Corona 
et al., 2004; Martin and Moody, 2001). Soil structure is consequently affected by fire (Stoof 
et al., 2015; Léonard and Richard, 2004) and burnt organic matter (OM) and ash form a 
hydrophobic coating on soil surface  (Stoof et al., 2015; González-Pelayo et al., 2010), which 
reduces infiltration, increases runoff and soil erodibility (Stoof et al., 2015; Moody and Ebel, 
2014; Onda et al., 2008; Nunes et al., 2005). 
 
Also, chemical changes can be occurred by fire, such as decrease in calcium content that 
would lead to change of the pH on the top soil horizons, nutrients leaching caused by 
precipitation after the fire and also, a decrease in cation exchange capacity and an increase 
in the electrolyte concentration. Fire also causes a decrease in sodium adsorption ratio, 
which prevents clay dispersion and strong micro aggregate formation to reduce infiltration 
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rate and an increase in runoff and soil erosion (Inbar et al., 2014; Giovannini et al., 1990). 
Fire decreases ground cover, which changes soil roughness so that water can flow more 
easily and runoff increases (Stoof et al., 2015; Mataix-Solera et al., 2011; García-Corona et 
al., 2004). The depth of soil organic matter changes after fires due to volatilization and/or 
due to the transport of surface ash and sediments (Caon et al., 2014). The intensity of this 
change depends on soil-moisture (SM) content, soil type, surface cover, and the type, 
duration, and intensity of a fire (Caon et al., 2014). 
 
Post-fire runoff, sediment transport, and OM losses have been studied (Stoof et al., 2015; 
Ebel, 2012; Shakesby, 2011; Stoof, 2011). But, much less attention has been paid to the 
consequences of repeated fires on these processes. Repeated forest fires, effect on eco-
geomorphic processes and also, decrease ecosystem resilience. Observations after fire in 
the field bring the conclusion that; vegetation recovery was significantly lower after the 
repeated fire than after one fire.  As pointed before, much less attention has been paid to 
the consequences of repeated fires on runoff, soil erosion, and loss of organic matter. 
Therefore, our main objective was to assess the effect of fire frequency on runoff and 
associated sediment and OM losses at the micro-plot scale by comparing pine plantations 
those have experienced single vs. recurrent wildfires. Specific objectives were to assess the 
effect of frequent recurrence of fire on generation of i) runoff and related sediment and OM 
losses at micro-plot scale, ii) the effect of both temporal and spatial variations on the runoff 
and erosive response at micro-plot scale, and iii) the effect of ground cover, soil moisture 
content, and soil water repellency (SWR) on runoff and associated sediment and OM losses 
at micro-plot scale. 
 
 
2.2 Materials and methods 
 
2.2.1 Study site 
 
The study area is located in the basin of the Vouga River, which drains into the Ria de Aveiro 
coastal lagoon, in north-central Portugal (Figure 2.1). The climate is classified in Köppen’s 
system as temperate Csb, humid meso-thermal with prolonged dry and warm summers. 
Annual rainfall ranges from 1200 to >2000 mm y-1, and mean monthly temperatures range 
from 9 °C in January to 23 °C in July (SNIRH, 2014). The soils, classified in 2012 as loam and 
sandy loam, are shallow Epileptic Umbrisols and Umbric Cambisols with a depth <30 cm 
developed on schist parental material (WRB, 2014) and susceptible to degradation by 
erosion due to the land use and lack of vegetation. 5000 m2 of fire occurrence area selected 
for this study. The study area was mainly covered by stands of P. pinaster, which is a highly 
flammable tree species with a rotation cycle of 40 years (Maia et al., 2014; Moreira et al., 
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2013),  and with Pterospartum tridentatum as the predominant shrub species (Cunningham 
et al., 2008). Ash cover in the burnt sites averaged approximately 10 cm, and the depth of 
the O horizon in the unburnt sites was 7-10 cm. Repeated fires reduced tree and shrub cover, 
the soil cover of the burnt and unburnt sites at the beginning of the experiment are shown 
in Figure 2.2. There was no vegetation remained in the repeatedly (4x) burnt sites, and the 
shrub layer and some pine trees were eliminated in the sites which burnt only once. Annual 
vegetation, pine trees, and shrub layers covered the unburnt sites. 
 
 
 
Figure 2.1 Locations of study sites in Viseu municipality and the micro-plot design. 
 
 
2.2.2 Experimental set-up 
 
The study was conducted in a forested area that had burnt in September 2012. Nine slopes 
(Table 2.1) of similar gradients and covered with maritime pine were selected. Three were 
in 4x burnt sites that had burnt four times between 1975 and 2012 (1978, 1985, 2005, and 
2012). Three were in 1x burnt sites, which had only burnt in September 2012. Three sites 
that had not burnt since 1975 but were near the burnt area acted as long unburnt. In this 
research, we used the terms of degraded (D) for 4x burnt, semi-degraded (SD) for 1x burnt 
and control (C) for long unburnt sites. Small plots can help to understand the connectivity 
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of sediment and water transport (Baartman et al., 2013). Therefore, samples of runoff and 
eroded sediments were collected from 0.25 m2 micro-plots at the lower, middle, and upper 
sections of the slopes, using the same design as various prior studies in the region (Malvar 
et al., 2015a; Martins et al., 2013) (Figure 2.1). Plots were installed immediately after the 
fire of 2012, in areas without vegetation. This methodology is specially applied in areas 
where the generation of runoff is fast (Cerdà, 1999). On the control slopes, two micro-plots 
were established at the lower and upper sections, because the pine trees, litters and shrubs 
protected the soil from runoff and sediment losses and low variability was expected. Each 
plot was protected from upslope runoff by iron plates and was connected to a hose that 
carried the surface runoff to a 70-L tank.  
 
  
 
Figure 2.2 Soil cover from degraded (D), semi-
degraded (SD) and control (C) sites at the beginning 
of the experiment. 
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Table 2.1 Experimental design of the sites 
Treatment 
N° of wildfires 
(Since 1975) 
Abbreviation* 
Nº of 
micro-
plots 
Mean slope angle 
 ( ° )  
Veg cover/Ash 
layer 
(cm) 
 Degraded 4 D1 3 29 +6 (Ash) 
D2 3 25 +6 (Ash) 
D3 3 20 +6 (Ash) 
Semi-degraded 1 SD1 3 23 +5 (Ash) 
SD2 3 21 +5 (Ash) 
SD3 3 20 +5 (Ash) 
Control 0 C1 2 25 +7(Veg+O)** 
C2 2 25 +8(Veg+O) 
C3 2 23 +7(Veg+O) 
*Site abbreviation: Degraded (D), Semi-degraded (SD) and Control (C);   
**Vegetation cover (Veg), O horizon (O) 
 
 
2.3 Data collection 
 
2.3.1 Soil characteristics 
 
We determined soil pH (H2O), texture, and bulk density to a depth of 10 cm for each micro-
plot. Soil pH (H2O) was measured using a potentiometer with an accuracy of ±0.01. Texture 
was analysed by sedimentation (Stokes' Law) with the Robinson pipet method (Guitián-Ojea 
and Carballas, 1976). Bulk density was determined by the cylindrical-core method (Blake 
and Hartge, 1986). Details of the average soil parameters at each site are presented in Table 
2.2. The soils of the study site were described as an association of Epileptic Umbrisol and 
Umbric Cambisol developed on schist as parent material (WRB, 2014) and classified as loam 
and sandy loam. 
 
Table 2.2 Soil surface cover and soil characteristics 
*Bare soil (BS), Litter (L), Stone (S), Vegetation (Veg) 
Site  
Initial surface cover (%) 
Soil texture Soil pH Soil bulk density 
(g cm-3) Ash BS L S Veg 
Degraded-1 40 27 0 33 0 Loam 4.32 1.15 
Degraded-2 53 16 0 31 0 Loam 4.45 0.97 
Degraded-3 46 30 1 23 0 Loam 4.51 0.82 
Semi-degraded-1 58 1 27 14 0 Sandy Loam 4.53 0.90 
Semi-degraded-2 52 2 21 25 0 Sandy Loam 4.64 1.11 
Semi-degraded-3 47 8 36 9 0 Loam 4.58 0.75 
Control-1 0 0 96 0 4 Sandy Loam 4.57 1.03 
Control-2 0 0 73 0 27 Sandy Loam 4.58 1.08 
Control-3 0 0 79 0 21 Sandy Loam 4.40 0.88 
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2.3.2 Soil cover 
 
The soil cover was assessed eight times from October 2012 to June 2014. A 10 × 10 cm 
gridded quadrat was laid over each plot, and the cover at each crossing point of the gridlines 
was determined and recorded as, stone (bedrock and fragments >2 mm), bare soil, ash, 
litter, or vegetation. Soil cover were included as factors affecting runoff and related sediment 
and OM losses. 
 
 
2.3.3 Soil moisture and soil water repellency  
 
Soil moisture sensors (Decagon EC5) were installed at a depth of 5-10 cm and connected to 
Em5b data loggers monitoring soil moisture variation in D2 and SD2 (as a random selection 
from the fire frequency sites). In the C plots the rainfall mainly influenced the moisture of 
the O horizon and with a strong time lag the mineral soil. Therefore, we decided to use 
comparable data sets and only compare soil moisture in D and SD. Data were recorded at 
10-min intervals from October 2012 to September 2014.   
 
Soil water repellency (SWR) was determined by testing the molarity of ethanol droplets 
(Doerr, 1998; Doerr et al., 1996), and the samples were categorised into surface-tension 
classes from 1 (Very hydrophilic) to 7 (Extremely hydrophobic) (Doerr, 1998). Three drops of 
aqueous ethanol solutions of increasing concentration were applied to the soil until the 
concentration was reached where the drops penetrated within 5 seconds. Repellency was 
tested each month from December 2012 at a depth of 2.5 cm at three places adjacent to 
the micro-plots, using the same method as prior studies in the region by Keizer et al. (2008) 
along a vertical transect on the slopes of C1, SD3, and D2. 
 
 
2.3.4 Rainfall and runoff  
 
Field data and samples were collected from 4 September 2012 to 4 September 2014 at one- 
to two-week intervals after each rain, for a total of 70 rains. Total rainfall and rain intensity 
per week were measured with totaliser and automatic rainfall gauges. The totaliser gauges 
measured rainfall, and HOBO waterproof data loggers measured both rainfall and rain 
intensity (I30), which is the maximum intensity recorded in 30 min. Runoff quantity was 
determined by measuring the water level in the 70-L tanks. Runoff samples from each plot 
were collected in 1.5-L plastic bottles for determining sediment concentration. 
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The erodibility of rainwater (KE; J m-2 mm-1) was calculated based on local rainfall and 
energy-intensity relationships (Vieira et al., 2014; Morgan, 2001) as:  
 
KE=35.9(1-056e-0.034I)                                                                                                                   (2.1) 
 
where I, is the typical rain intensity (mm h-1). The runoff coefficient correlates the volume 
of runoff and precipitation, specifying the percentage of rainfall that appears as runoff from 
a specific surface area. The runoff coefficient is large for areas with low infiltration and high 
runoff and is quite small for well-vegetated areas.  
 
 
2.3.5 Sediment and OM losses  
 
Sediment concentrations in the runoff samples were determined by first vigorously shaking 
the 1.5-L bottles and then pouring the contents over filter paper 330 mm in diameter with 
a particle-retention size of 12-15 μm (VWR International, Leuven). The filters were oven-
dried at 105 °C for 24 h. The OM contents of the eroded sediments were determined using 
the loss-on-ignition method (Ball, 1964). The resulting weight loss was used to compute the 
OM content of the mineral soil.  
 
 
2.4 Data analysis 
 
All statistical analyses were performed using SPSS 22.0. Kolmogorov-Smirnov (KS) tests 
indicated that the data for runoff and soil loss for the rains were not normally distributed, 
so we tested for significant differences among sites using the non-parametric Kruskal-Wallis 
and Mann-Whitney U-tests. Components with eigenvalues over Keiser's criterion of 1 were 
extracted, and differences were considered statistically significant at p<0.05. We also ran 
correlation and regression analyses on the variables. A principal component analysis (PCA) 
of soil cover, runoff, soil losses, rainfall and SWR was conducted to convert data of possibly 
correlated variables into a set of values of linearly uncorrelated variables to identify the key 
factors affecting runoff and soil erosion.  
 
Data from the entire study period was analysed to assess whether (i) the three slope 
positions (upper, middle, and lower) and (ii) the fire frequencies (D, SD, and C), caused 
differences in runoff, erosion, and OM losses between September 2012 and September 
2014. The impacts of the five cover types immediately after the wildfire (September 2012) 
and two years later were also analysed. The correlation between the amount and intensity 
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of rain and the observed runoff and erosion rates were separately determined for each slope 
by linear regression analysis. Seasonal measurements were distributed over a period of 
three months in this study. 
 
 
2.5 Results 
 
2.5.1 Soil cover 
 
The initial surface cover differed significantly between sites, with D plots (>90%) covered by 
ash, SD plots covered mainly by litter (>40%) and ash (>10%), and the unburnt C plots totally 
covered by litter and shrubs, mainly P. tridentatum. 
 
 
2.5.2 Bulk density and change in soil cover 
 
The dry bulk density (0-5 cm) of each site was not significantly affected by fire frequency 
(Table 2.2) and averaged 0.98±0.18, 0.92±0.18, and 0.99±0.12 g cm-3 for the D, SD, and C 
sites, respectively.   
 
The vegetation cover increased in all sites during the study period. Resprouting shrubs in 
the D sites represented 16 and 48% of the cover 10 and 21 months (June 2014) after a fire, 
respectively. The vegetation cover in SD sites increased from 7% in the first year after fire to 
49% in the second year. The corresponding increase in the C sites was from 20 to 62%. Stone 
cover increased in D from 13% in year 1 to 33% in the second year due to the ash washed 
away and in the SD sites from 2 to 6% (Figure 2.3). The amount of cover did not differ 
significantly among the three sections of the slopes (up, middle, down) during the study 
period. Ash cover decreased at all sites in the burnt areas within two years, from 80 to 0% 
and from 43 to 13% for the D and SD sites, respectively. The ash layer decreased the most 
from September 2013 to January 2014, which corresponded with the period of highest rain 
intensity.    
 
The depths of the ash layers in the D sites were correlated (p<0.05, r=0.51) with the soil 
losses. Litter covers in the SD sites were highly correlated (p<0.05) with the soil losses. 
Surface cover and erosion are normally negatively correlated, but the covers (ash and litter) 
were not significantly correlated (p>0.05) with runoff, sediment transport, or OM losses.  
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Figure 2.3 Temporal changes in ground cover (%)  during this study in the degraded, semi-degraded and 
                    control site. (No data collected for the middle section of the control site). 
 
 
2.5.3 Soil moisture and soil water repellency  
 
Soil moisture content differed markedly between the D and SD sites. The average soil 
moisture content was significantly lower in the SD sites (11.04±5.07) than in the D sites 
(17.87±4.34) in the first year after the fire, from October to December 2012. The situation, 
however, was reversed in the dry season, with soil moisture content averaging 12.34±3.83 
in the D sites and 15.09±2.57 in the SD sites (Figure 2.4). D2 and SD2 were randomly chosen 
as representatives of the D and SD sites. The soil moisture contents in the C sites are not 
presented due to the high amounts of surface covers and shrubs, which were stopped 
rainfall infiltration in to the soil. 
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Figure 2.4 Example of soil moisture change (%) against time in degraded (D) and semi-degraded (SD) 
                   plots. 
 
The soils at depths of 2.5-3 cm were slightly more repellent in all sites. SD had a higher 
frequency of extreme SWR, followed by D and C sites. The surface SWR measurements 
showed high hydrophobicity in the D and SD sites in December 2012 and spring 2013, with 
class 6 and 5, respectively. SWR fluctuated during the study period. The water-repellency 
classes did not change during the second year but became more moderate in the D sites and 
decreased to class 5 late in the second year. SWR in the SD sites increased to class 7 in 
summer 2013 and then decreased to class 6 in the second year after the fire. Repellency 
was stable over the study period in the long unburnt sites at class 5.  
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Table 2.3 Frequency distribution of repellency test by molarity of ethanol droplet (MED) 
Period 
Degree of Hydrophobicity 
Degraded Semi-degraded Control 
Aut-12 Strongly hydrophobic Very strongly hydrophobic Strongly hydrophobic 
Win-12 Very hydrophobic Very strongly hydrophobic Strongly hydrophobic 
Spr-13 Slightly hydrophobic Very strongly hydrophobic Strongly hydrophobic 
Sum-13 Strongly hydrophobic Extremely hydrophobic Strongly hydrophobic 
Aut-13 Moderate hydrophobic Strongly hydrophobic Strongly hydrophobic 
Win-13 Slightly hydrophobic Slightly hydrophobic Strongly hydrophobic 
Spr-14 Moderate hydrophobic Very strongly hydrophobic Strongly hydrophobic 
Sum-14 Moderate hydrophobic Extremely hydrophobic Strongly hydrophobic 
 
 
2.5.4 Rainfall amounts and rain intensity (I30) 
 
A total of 2917 mm of rain fell during the 70 events from 4 October 2012 to 25 September 
2014. Of this total, 1289 mm fell during the first year after the fire and 1628 mm during the 
second year (Table 2.4). Rainfall and maximum I30 per rain are plotted in Figure 2.5. Rainfall 
was particularly high on eleven occasions, exceeding 100 mm. These heavy rains fell mostly 
during the autumn and winter. The heavy rains in September, October, and late December 
2013 had the highest rain intensities (25-30 mm h-1). Nearly 64% of the 1628 mm of rain 
that fell in the second year fell within this period (Figure 2.5). 
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Figure 2.5 Erosion rates per event (Mg ha−1) for degraded (D), semi-degraded (SD) and control (C) site 
                   from October 2012 to August 2014. 
 
 
2.5.5 Annual runoff, soil erosion, and OM losses 
 
The annual runoffs for the first and second post-fire years were significantly (p<0.05) and 
nearly four-fold higher in the D than in the SD sites (411 vs. 115 mm and 733 vs. 197 mm, 
respectively). Runoff from the C sites (51 mm), however, was significantly lower (p<0.05) 
than that in both the D and SD sites. Runoff increased as I30 increased in the second year, to 
733 mm for the D and 197 mm for the SD sites, but to only 67 mm in the C sites. Runoff from 
the C slopes was again significantly lower (p<0.05) than that from the D and SD slopes. Soil 
and OM losses differed significantly with fire frequency. The losses were significantly higher 
(p<0.05) in the D sites compared to the SD and C sites for both the first and the second years 
after the fire (Table 2.4).  
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Table 2.4 Average annual rainfall, runoff, soil erosion and OM losses. Lowercase letters indicate significant 
differences (p<0.05) (Mann–Whitney U-test) (a>b>c).  
 Site* Rainfall (mm) Runoff (mm) 
Runoff-
coefficient (%) 
Soil losses 
(Mg ha-1) 
OM loss  
(Mg ha-1) 
1st Year 
D 
1289 
411a 25.3a 2.57a 1.29a 
SD 115b 6.3b 0.31b 0.14b 
C 51c 4.0c 0.04c 0.03c 
2nd Year 
D 
1628 
733a 40.3a 3.79a 2.32a 
SD 197b 10.0b 0.84b 0.37b 
C 67c 2.4c 0.00c 0.00c 
* Site abbreviation: Degraded (D), Semi-degraded (SD) and Control (C) 
 
Runoff, soil erosion, and OM losses were all positively correlated with rain intensity. The 
correlation coefficients (Pearson) at the D sites between runoff and I30 were 0.62, 0.60, and 
0.65 and between soil losses and I30 were 0.52, 0.76, and 0.65 for D1, D2, and D3 sites, 
respectively. The correlation coefficients at the SD sites between runoff and I30 were 0.40, 
0.48, and 0.47 and between soil losses and I30 were 0.52, 0.54, and 0.51 for SD1, SD2, and 
SD3, respectively. Correlations for the C sites were not significant due to the low runoff rates. 
 
2.5.5.1 Temporal patterns in runoff and erosion 
The temporal variation in rainfall, runoff, and sediment losses were summarised by year in 
Table 2.4 and by season in Table 2.5. Seasonal runoff varied strongly in the D sites, ranging 
from only 1.29 mm during the driest season (summer 2013) to slightly under 67 mm in 
autumn 2013 and 70.69 mm during winter 2013. Runoff in the D sites averaged 23.4 mm in 
spring 2013, much lower than the amounts in the autumn or winter of the second year, by 
66.9 and 70.69 mm, respectively. Runoff in the SD sites varied from 0.09 mm during the 
driest season to 20.7 mm in autumn 2013 and 19.4 mm during winter 2013. The spring 
average volumes in both years were 5.5-6 mm. As expected, runoff was always less in the 
SD than in the D sites and, not surprisingly and regardless of the season, runoff in C sites 
was always significantly less than in either the D or SD sites.    
 
Erosion and OM losses were highest during autumn and winter 2013 for both the D and SD 
sites, corresponding to the periods with the highest rain intensities of 18.67 and 14.98 mm 
h-1, respectively (Table 2.5). Seasonal variation in erosion was significantly stronger (p<0.05) 
in the D than the SD sites, except during the summer. For example, erosion volumes in 
autumn and winter were 0.85 and 0.89 Mg ha-1 in 2013 and 4.88 and 3.12 Mg ha-1 in 2014, 
respectively, in the D sites in comparison to 0.12 and 0.14 Mg ha-1 in 2013 and 1.46 and 0.76 
Mg ha-1 in 2014, respectively, in the SD sites. OM losses in the first and second years were 
significantly higher in the D than in the SD sites. Erosion and OM losses were significantly 
lower for the C sites. OM losses were higher in the second year due to the heavy rains in 
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September, October, and December 2013, which had maximum rain intensities and caused 
more than 70% of the total soil loss.  
 
Table 2.5 Total seasonal runoff, soil erosion and organic matter (OM) loss for degraded (D), semi-degraded 
(SD) and control (C) sites. Lowercase letters indicate significant differences (p<0.05), (a>b>c). 
Rainfall 
(mm) 
     I30 
(mm hr-1) 
Runoff (mm season-1) Runoff coef (%) 
D SD C D SD C 
Aut-12 322.2 11.1 12.26 a 4.60 b 4.71 b 28 11 10 
Win-12 455.0 5.9 16.88 a 4.27 b 0.39 c 26 5 1 
Spr-13 482.5 8.7 23.40 a 5.81 b 1.60 b 29 6 4 
Sum-13 20.7 4.2 1.29 a 0.09 a 0.00 b 17 1 0 
Aut-13 387.1 18.7 66.95 a 20.68 b 15.58 b 33 11 8 
Win-13 868.2 14.9 70.69 a 19.44 b 3.02 c 40 10 2 
Spr-14 317.0 5.9 27.44 a 5.49 b 0.87 b 52 11 1 
Sum-14 63.9 6.8 3.51 a 1.11 a 0.08 a 18 5 0 
Table 2.5 Continued. 
Rainfall 
(mm) 
     I30 
(mm hr-1) 
Erosion Mg ha-1 season-1 OM loss Mg ha-1 season-1 
D SD C D SD C 
Aut-12 322.2 11.1 0.85 a 0.12 b 0.02 c 0.43 a 0.09 b 0.02 c 
Win-12 455.0 5.9 0.89 a 0.14 b 0.00 c 0.44 a 0.04 b 0.00 c 
Spr-13 482.5 8.7 1.23 a 0.08 b 0.01 c 0.62 a 0.02 b 0.00 c 
Sum-13 20.7 4.2 0.01 a 0.00 a 0.00 a 0.00 a 0.00 a 0.00 a 
Aut-13 387.1 18.7 4.88 a 1.46 b 0.00 c 3.00 a 0.54 b 0.00 c 
Win-13 868.2 14.9 3.12 a 0.76 b 0.00 c 1.92 a 0.28 b 0.00 c 
Spr-14 317.0 5.9 0.58 a 0.10 a 0.00 c 0.35 a 0.05 a 0.00 c 
Sum-14 63.9 6.8 0.09 a 0.04 a 0.00 a 0.05 a 0.02 a 0.00 a 
 
2.5.5.2 Spatial variations in runoff and erosion 
Variations in runoff and soil losses in the different sections of the slopes and in the sites for 
the first and second years after the wildfire are shown in Figure 2.6. Runoff, soil erosion, and 
OM loss differed significantly in the frequently burnt sites due to both the surface cover and 
rain intensity. Different volumes were collected from the plots (upper, middle, and lower 
sections), but the analysis found no statistical differences (p>0.05) for runoff, soil erosion, 
or OM losses. For example, average soil losses for the plots in the middle sections were 
2.57±0.35 and 4.74±1.48 Mg ha-1 for the first and second years, respectively, for the D sites 
and were 0.07±0.12 and 0.63±0.41 Mg ha-1 in the first and second years, respectively, for 
the SD sites. D2 had the highest soil losses of 3.04±0.43 Mg ha-1 in the first year after the 
fire and 5.13±0.25 Mg ha-1 in the second year. D3 had a large stone below the middle section 
of the slope with only a few centimetres of soil, which caused an increase in runoff and soil 
losses (Figure 2.7). Soil cover did not change significantly from the bottoms to the tops of 
the slopes in the sites within the same degraded state, but the covers differed significantly 
between the D, SD, and C sites. 
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Figure 2.6 Runoff and soil losses per year for D, SD and Control plots and slope sections. Lowercase letters 
                   indicate significant differences a>b>c. (1st year: Sep 2012 – Aug 2013, 2nd year: Sep 2013 – Aug 
                   2014)  
 
 
2.5.6 Key factors influencing runoff and soil loss 
 
SWR was consistently higher in the SD than in the D sites and in both cases, was negatively 
correlated with soil moisture content (r=-0.31 and -0.42, respectively). Rainfall, I30, surface 
cover, soil moisture content, and SWR explained 77 and 79% of the variance in the data in 
D2 and SD2, respectively. These sites were good indicators of the conditions in the D and SD 
sites. The principal components analysis explained 77 and 79% of the variance in the data 
for D2 and SD2 respectively. The main components in D2 were I30 (35%), soil cover (23%), 
and soil moisture content (19%), and the main components in SD2 were soil cover (40%), 
soil moisture content (25%), and rainfall (14%) (Figure 2.7).  
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Rainfall and soil loss in the D sites were positively correlated and soil cover and soil moisture 
content were negatively correlated with I30. SWR was positively correlated with soil cover, 
but soil cover was negatively correlated with soil moisture content. Runoff and soil losses in 
the SD sites were negatively correlated with both soil cover and soil moisture content. Litter 
was the main factor which is protecting soil against erosion in the C sites. Data for the C sites 
were not included in the principal component analysis figure due to the lack of erosion in 
these sites during the study period.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 PCA plots and the main components for the Degraded-2 (D2) and Semi-degraded-2 (SD2) sites. 
                   Rainfall, rainfall intensity (I30),  runoff (R), sediment losses (E), soil moisture (SM), soil water 
                   repellency (SWR), soil cover (Ash, Litter, Vegetation).   
 
 
2.6 Discussion  
 
2.6.1 Effect of rainfall and rain intensity on runoff and soil erosion 
 
Prolonged dry periods in summer and heavy rains in autumn and winter are responsible for 
significant annual variation in runoff and soil erosion in Mediterranean regions. Wildfires 
have become common in Mediterranean forests particularly in summer, and mainly due to 
the low surface moisture and expanding human activities (González-Pelayo et al., 2010; 
Cerdà and Lasanta, 2005). The characteristics of autumnal post-fire rains, especially rain 
intensity, can consequently have an impact on runoff trends.  
 
Many studies have reported that the volumes of runoff and sediment loss are ultimately 
linked to high I30 (Moody et al., 2013; Robichaud et al., 2013; Cannon et al., 2011; Dunkerley, 
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2010; Moody et al., 2008; Robichaud et al.,2007; Mayor et al., 2007; Spigel and Robichaud, 
2007). These infrequent but intense rainstorms can cause high runoffs and soil losses within 
short periods. Our study found the same trend, with the three high rain intensities in 
October, November, and December 2013 producing the highest runoff volumes and inter-
rill sediment losses after the wildfire (Figure 2.5). These effects depended strongly on time, 
site properties, and changes in soil conditions over time after the fire. Rain intensity clearly 
had a major impact on runoff and erosion rates. Soil cover and soil moisture content also 
affected runoff and erosion, in agreement with the findings of other studies (Malvar et al., 
2015b; Cerdà, 2005). Our results indicated that factors such as SWR and rainfall also played 
key roles in runoff and soil erosion. 
 
Some researches mentioned that high rain intensity can sometimes be mitigated by high 
infiltration, but infiltration is not commonly high and can be quite low after a fire, especially 
due to the SWR layer in recently burnt areas (Malvar et al., 2015a; Dekker et al., 2000; 
DeBano, 1998; DeBano, 1981). Hydraulic conductivity in a burnt forest in Australia was very 
spatially variable due to the blocking of macropores in the soil, The amount of infiltration in 
recently burnt areas can be dependent mainly on the generation of surface-soil 
hydrophobicity (Shakesby and Doerr, 2006; Ferreira et al., 2005a). The results of the present 
study are consistent with those of some previous studies of the development of SWR after 
the 2012 fire. Our study also provides interesting insights into fire frequency and its effect 
on SWR and subsequent runoff and erosion. Repellency was initially the same in the D and 
SD sites, but this repellent layer washed away very quickly in the D sites due to the lack of 
surface cover and to the high rainfall and runoff. Surface cover, however, played an 
important role in the SD sites to maintain this repellent cover layer over time, even for one 
year after the fire. Our study thus demonstrated a direct effect of rain intensity on runoff 
and erosion even long after the fire.  
 
 
2.6.2 Risk of post-fire erosion in burnt pine plantations 
 
The impacts of fire on sediment yield and vegetational recovery have been well studied, but 
the effects of repeated fires and the impacts on maritime pine plantations, which are 
widespread in Portugal, have received less attention (Malkisnon et al., 2011).  
 
Our study is comparable to that by (Prats et al., 2012), which compared mulched and 
unmulched stands of burnt pine and eucalyptus at a slope-plot scale in a similar area of 
Portugal using the same procedures and measuring techniques for SWR and soil moisture 
content. The plots with and without mulch were comparable to our SD plots that were 
covered with natural mulch and the D plots that had no mulch cover, respectively. Prat’s 
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research reported that the average runoffs and sediment losses did not differ significantly 
between the control and mulched plots in the pine site, but the control plots tended to 
produce less runoff and sediments. Soil erosion and OM losses differed significantly 
between the D and SD sites in our study. Vegetation recovery relatively quick in the 
Mediterranean regions, while repeated fires are the reasons to reduce vegetation cover 
followed by a higher exposure of the soil surface, which cause the chance of higher runoff 
(Wittenberg and Inbar, 2009a). Repeated fires may thus increase the risk of erosion and OM 
losses by removing the humus and cover layers. Soil and OM losses in the D sites were quite 
high due to the lack of cover, high I30, and low soil moisture content, and the losses in the 
SD sites were lower mainly because of the soil cover.  
 
Runoff is frequently correlated with SWR, and increased ground exposure (Moody et al., 
2013; Shakesby et al., 2011; Larsen et al., 2009; Benavides-Solorio and MacDonald, 2005), 
reduced vegetational canopy (Stoof et al., 2012), and the absence of any surface-water 
storage capacity, and all can contribute to erosion. Our study found that fire frequency was 
also an important factor for producing SWR and lack of cover, which result in conditions 
much more susceptible to higher runoff and increased soil erosion and OM losses. 
 
Some previous studies have indicated that the sediment load is the highest in the first few 
months after a fire (Shakesby, 2011; Mayor et al., 2007). Our study provided additional 
insight and conflicting results. The low sediment and OM losses in the SD sites could be 
explained by the much higher litter cover relative to that in the D sites, which played a large 
role in reducing sediment losses (Figure 2.2) (Malvar et al., 2015a; Keesstra et al., 2016; Prats 
et al., 2012). Our study also indicated that the pre-fire condition of a site was an important 
factor in sediment losses and that sediment loads can be higher in subsequent years 
following a fire, especially after a dry summer followed by heavy rain.  
 
Our research is agreed with previous research about the effect of fire frequency on 
increasing the soil erosion. In such an environment like Mediterranean region, the rates of 
regeneration and restoration processes vary when the number of fires increases 
(Wittenberg and Inbar, 2009a). In our research, significantly more soil was lost from the D 
than the SD sites (Figure 2.5) in the first few months after the fire, indicating that the pre-
fire state of an area could have an impact on the amount of sediment loss. Our study also 
showed that the higher amounts of soil erosion and OM losses were not only due to higher 
runoff but, were mainly due to rain intensity, type of soil cover, and soil moisture content. 
The significant differences in sediment load between the D and SD sites agreed with the 
findings by (Wittenberg and Inbar, 2009a) and (Malkisnon et al., 2011).  
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Other studies have suggested that initial soil losses can be quite high during the first two 
years after a fire and then swiftly decline due to broad recovery of the vegetation 
(Wittenberg and Inbar, 2009a; Pausas et al., 2008), Our study supports these findings. The 
vegetation grew rapidly in the D sites in response to climatic factors such as rate and amount 
of rain, probably due to the lack of cover following repeated fires. In contrast, this response 
was significantly lower in the SD sites, due to the presence of litter cover. Recovery, though, 
fluctuates at larger spatial scales due to climatic variances and may also differ locally based 
on slope aspect (Cerdà, 1999; Inbar et al., 1998), soil properties and conditions (Giovannini 
et al., 1990; Kutiel and Shaviv, 1992), climatic circumstances after a fire, and vegetational 
type (Mayor et al., 2007).  
 
 
2.6.3 Post-fire management and its role in runoff and soil erosion 
 
A review of wildfires in the Mediterranean Basin by (Pausas et al., 2008) indicated that high 
wildfire frequencies are the effect of two main trends: (i) the abandonment of large 
agricultural areas within the last sixty years, which led to more vegetational cover (Moreira 
et al., 2011) increased human activities due to population growth, which contributed to the 
risk of fire ignitions (Shakesby, 2011). In fact, many species of vegetation have developed 
responses to fire (Malkisnon et al., 2011; Pausas et al., 2008; Naveh, 1974). These 
developments have arisen with local long-term fire management systems. Updates to the 
classifications of fire management may thus have various effects on vegetational cover other 
than the local geomorphic routes (Malkisnon et al., 2011). 
 
This study investigated the common theory that post-fire rains can be a major factor in 
increasing the amount of erosion in burnt Mediterranean areas. The warmer seasons and 
drier conditions, especially in summer, predicted by global climate change may increase the 
rate of wildfires and the risk of post-fire soil degradation (Shakesby, 2011). These variations 
will increase the vulnerability of Mediterranean drylands to post-fire hazards (Mayor et al., 
2007). The results of our study provide additional insights into fire and these vulnerabilities 
that can help for making decisions on landscape management to decrease the risk of fire 
and to rehabilitate post-fire conditions. Mayor et al. 2007 have stated that Mediterranean 
environments are generally well known as areas resilient to fire. Several circumstances, e.g. 
post-fire drought, south-facing slopes, fire severity, and vegetational type, however, may 
excessively stress the ecosystems and decrease plant recovery and increase soil 
degradation, with subsequently higher risks of runoff and spilling over in downstream. 
Runoff, soil erosion, and OM losses increased over time in this study, especially during the 
autumn and winter of the second year after the wildfire. Hydrological behaviour and 
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especially changes in the surface conditions of a burnt catchment can quickly revert to the 
state of unburnt areas. 
 
A key uncertainty in this study was the severity of the wildfires that occurred in the different 
sites and probably also in the control sites before 1975. More information about the severity 
of earlier fires would likely allow more conclusions to be drawn from the data for soil 
moisture and SWR. 
 
 
2.7 Conclusions  
 
This study of the effect of fire frequency on runoff, soil erosion, and OM losses at the micro-
plot scale in north-central Portugal provided the following conclusions: 
 
 Fire affected runoff and soil losses after erosive rainstorms shortly after a fire but also 
after droughts in subsequent years, which reduced vegetational recovery and rendered 
the catchment prone to periods of highly erosive rains; 
 Repeated wildfires strongly increased the runoff coefficient and the risk of spilling over 
in downstream regions, likely due to on-going changes in soil properties and lack of 
vegetational cover; 
 OM loss was extremely high (almost half of the soil losses) in the 4x burnt sites due to 
the transport of ash in the runoff; 
 Litter cover and rain intensity (I30) had the strongest effects on runoff, soil erosion, and 
OM losses. 
 
Increased understanding of the post-fire dynamics in areas which were experiencing 
frequent wildfire can contribute to the development of effective pre- and post-fire 
management to protect, repair, and promote the recovery of affected landscapes. 
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3. Effects of fire occurrence and recurrence on 
nitrogen and phosphorus losses by overland 
flow in maritime pine plantations in north-
central Portugal 
 
 
Wildfires have increased in Portugal in the recent decades, raising concerns about the 
long-term negative effects of fire recurrence on the environment. We studied the impacts 
of recurrent fires on the nitrogen (N) and phosphorus (P) content of mineral soil in the 
first year after a fire. Total nitrogen (TN) and phosphorus (TP) losses by runoff were also 
evaluated within the two years after a fire. Nine sites in a maritime pine forest were 
selected following a large wildfire in September 2012 that affected roughly 3000 ha of the 
Viseu municipality. Three sites had been burnt four times in the past 40 years (4x), three 
sites had been burnt once in September 2012 (1x), and three control sites had not been 
burnt (0x). Runoff was collected in 9 micro-plots (0.25 m2) at each site after rain events 
from September 2012 to September 2014. Soil N and P content were significantly higher 
in both burnt sites relatively to the control sites. Nitrogen as well as phosphorus losses via 
runoff were significantly higher at the 4x burnt sites than at both the 1x burnt and unburnt 
sites. Nutrient loss was particularly high after heavy rains. Vegetation and litter cover 
played an important role in reducing runoff and the associated N and P transport at the 
4x burnt sites, since a decrease in both variables was observed with the increase in 
vegetation cover after fire. 
 
 
 
 
 
 
 
 
 
 
 
 
Based on:  
Hosseini, M., Geissen, V., González-Pelayo, O., Serpa, D., Machado, A.I., Ritsema, C.J. and 
Keizer, J.J., 2017. Effects of fire occurrence and recurrence on nitrogen and phosphorus 
losses by overland flow in maritime pine plantations in north-central Portugal. 
Geoderma, 289, pp.97-106. 
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3.1 Introduction 
  
Fire is an important ecological factor that has affected the Mediterranean landscape in the 
past and continues to influence it in the present  (Pausas et al., 2008). Fire affects soils in 
different ways depending on various factors such as intensity, severity, fire duration and 
residence time of temperatures above 100ºC (González-Pelayo et al., 2015; Caon et al., 
2014; Inbar et al., 1998; DeBano et al., 1979). These effects cause changes in the soil physical 
properties, for example by decreasing soil porosity, increasing bulk density (Granged et al., 
2011b) and decreasing soil water retention and infiltration (Hosseini et al., 2016; Badía-Villas 
et al., 2014; Moody et al., 2013; González-Pelayo et al., 2010), but also on its chemical and 
biological properties, by changing soil pH and the nutrient cycles (Hosseini et al., 2016; Stoof 
et al., 2015; Inbar et al., 2014; Inbar et al., 1998; Raison, 1979). Mediterranean ecosystems 
are deeply affected by fire, so studying their impacts on the soil properties such as porosity, 
particle detachment from the surface, loss of organic matter and nutrients, water repellence 
and altered aggregate stability, are important (Shakesby, 2011; Shakesby and Doerr, 2006). 
Wettability, aggregate stability, infiltration and soil moisture are quite important physical 
parameters altered by fire (Jordán et al., 2011; Giovannini et al., 1990). Water repellency 
through depth can be affected (decrease or increase) by fire intensity (Aznar et al., 2016). 
Burnt vegetation and soil organic matter by fires, produce accumulations of hydrophobic 
substances on the soil surface that reduce wettability and infiltration while increasing runoff  
(Wittenberg et al., 2014; Imeson et al., 1992). Increased runoff, ash and soil erosion leads to 
the loss of nutrients transported as suspended sediment or solubilised in runoff (Badía et 
al., 2014; Badia and Marti, 2008; Badia et al., 2008). Type of soil and vegetation, slope, 
lithology, physiography, and other factor like human intervention can influence both the 
magnitude of fire impacts and the ecosystems’ recovery (Shakesby, 2011; Certini, 2005). 
 
Uncontrolled wildfires cause large environmental damages, especially in the Mediterranean 
region (San-Miguel-Ayanz et al., 2012) and Portugal has been one of the most affected 
countries in southern Europe (Prats et al., 2014; Shakesby, 2011; Ferreira et al., 2005b). With 
the increased frequency of fire, the cumulative loss of nutrients, particularly nitrogen (N) 
and phosphorus (P), has led to soil nutrient deficit in fire affected areas (Eugenio and Lloret, 
2007; Eugenio and Lloret, 2004). The effects of fire frequency on nutrient availability and 
losses have not been widely studied (Malkisnon et al., 2011), whereas the impacts of 
individual fires on nutrient losses have been reasonably well described at least in Portugal 
(Ferreira et al., 2016a; Ferreira et al., 2016b; Ferreira et al., 2005b; Thomas et al., 2000a; 
Thomas et al., 2000b Thomas et al., 1999). N and P are important elements in the growth of 
plants and are the two most important nutrients often limiting crop production (Jin-yan and 
Jing, 2003; Caon et al., 2014). Therefore, studying the effects of fire on N and P transport, is 
of great importance for assessing the effects of wildfires on soil nutrient losses and also on 
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the quality status of downstream aquatic habitats (Ferreira et al., 2016b). In addition to 
above changes in the physical and chemical properties of soil, fires can dramatically affect 
nutrient cycling (DeBano et al., 1998). The soil O horizon and upper cm of the A horizon are 
typically affected by fire and suffer the largest changes in nutrient contents (Caon et al., 
2014; Novara et al., 2011). Fire decreases nutrient contents, although the inorganic forms 
of some elements, which are produced by plants can increase and temporarily increase soil 
fertility (Duguy et al., 2007). Some studies have demonstrated a connection between fire 
severity and recurrence and the availability of nutrients in the topsoil (Badía et al., 2014; 
Caon et al., 2014). Nutrients, water holding capacity, organic carbon, aggregate stability, and 
hydrophobicity are just a few soil properties that can be significantly altered with fire 
exposure, compromising the health of the entire ecosystem (Certini, 2005). The severity of 
a wildfire can play an important role in how severely soil properties can be altered. Severe 
fires can generally remove organic carbon and decrease nitrogen and phosphorus 
availability (Certini, 2005). Most studies have evaluated the impact of single fires on soil 
nutrients rather than the potentially more significant impact of long-term fire regimes 
(Ferreira et al., 2016a; Ferreira et al., 2016b; Machado et al., 2015; Badía et al., 2014). High 
fire frequencies can be a reason for coating of the soil surface, decrease of water infiltration 
and soil aggregation and increase of nutrient losses by runoff (Richards et al., 2012). Fires 
can also lead to large losses of nutrients from the combustion of timber, large debris, and 
organic matter on the soil surface, which leads to losses by volatilisation (Neary et al., 1999); 
Factors like the destruction of organic matter (Knoepp et al., 2005), consumption of 
vegetation and litter, reduced infiltration capacity and increased runoff (Cerda, 2009; 
Ferreira et al., 2005b) and erosion (Knoepp et al., 2005; Thomas et al., 1999) are principal 
causes of nutrient losses after fire. Soil erosion and nutrient losses have been reported to 
be considerably higher after the first rainfall events (Ferreira et al., 2015). The results for an 
individual fire, however, may not be the same for an area affected by recurrent fires 
(Hosseini et al., 2016), which may have long-term cumulative effects on some ecosystem 
properties, such as nutrient cycling and productivity (Carter and Darwin Foster, 2004; 
Eugenio and Lloret, 2007). Effect of fire recurrence on nutrient export by runoff has received 
little research attention, especially in fire prone regions. Studying the availability and losses 
of nutrients in areas with a high fire frequency is thus important for a realistic evaluation of 
the impacts of fires on soil fertility.   
 
The aim of this study is to provide better understanding of the effects of fire occurrence and 
recurrence on post-fire N and P losses by overland flow in maritime pine plantations in 
north-central Portugal. In order to achieve this goal, total (i.e. dissolved plus particulate 
forms) nitrogen and phosphorus losses by overland flow were quantified for a recently burnt 
maritime pine plantation in Portugal. Specific objectives were to: i) measure total N and P 
losses from burnt and unburnt sites and, ii) compare N and P losses by runoff from burnt 
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plots with contrasting fire histories: i.e. unburnt, 1 time (1x) burnt and 4 times (4x) burnt. 
These losses were furthermore related to the nitrogen and phosphorus stocks of the topsoil, 
for a better understanding of N and P cycles after fire. Our research hypothesis is that 
recurrent fires induce large changes on hydrological and erosive processes, as well as on 
nutrient exports. 
 
 
3.2 Materials and methods  
 
 3.2.1 Study area and study sites  
 
The study area is located in north-central Portugal and is part of the Vouga River Basin which 
drains into the Ria de Aveiro coastal lagoon (Fig. 3.1). The climate is classified in Köppen’s 
system as a humid meso-thermal temperate climate Csb, with a prolonged dry and warm 
summer. A national information source, Sistema Nacional de Informação de Recursos 
Hídricos (SNIRH, 2014), reported an annual rainfall ranging from 1200 to >2000 mm y-1 and 
mean monthly temperatures ranging from 9 °C in January to 23 °C in July. The terrain has 
steep slopes of 20° to 30°. The bedrock is schist, and the soils are mainly Humic Cambisols, 
Epileptic Umbrisols and, to a smaller extent, Umbric Leptosols. The soils are generally 
shallow, less than 30 cm deep, and are susceptible to degradation by soil erosion and land 
use.  
 
 
Figure 3.1 Locations of study area in the Viseu municipality, Portugal. Site abbreviation: 4× burnt, 1× burnt 
                   and unburnt. 
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3.2.2 Experimental set-up 
 
The experiment was carried out immediately after fire and conducted in an area of Pinus 
pinaster, which was burnt by a wildfire in September 2012. Based on our observation in the 
field, a moderate severity fire had affected the area, since ashes were black, the litter layer 
and understory vegetation was almost consumed by fire, and tree crowns were only partially 
scorched (Maia et al., 2012a; Keeley, 2009; Shakesby and Doerr, 2006). Within this area, a 
total of nine slopes (Fig. 3.1) were selected for this study. Three slopes had burnt four times 
(4x) since 1975 (1978, 1985, 2005, and 2012) and three slopes had burnt once (1x) over the 
same period (2012) (Fig. 3.1). Furthermore, three slopes with maritime pine stands that had 
remained unburnt (0x) since 1975 but were otherwise comparable to the six burnt sites 
were selected in the immediate vicinity (Fig. 3.1). Each slope was divided into two strips 
running from the base to the top of the slope section. One of these strips was used for 
repeated collection of ash and soil samples and another for monitoring overland flow at the 
micro-plot scale. Three micro-plots of approximately 0.25 m2 were established on the 
bottom, middle and top section of each slope (Table 3.1; Fig. 3.2). The micro-plots were 
installed on spots where shrubs had been absent at the time of the 2012-fire, as indicated 
by the absence of  remaining burnt-scorched twigs (Hosseini et al., 2016). Metal plates were 
inserted into the soil upslope of the micro-plots to divert run-on from upslope areas. The 
outlet of each micro-plot was connected to a 70-L tank with a garden hose to collect the 
overland flow (Hosseini et al., 2016).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Experimental set-up. 
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3.3 Data collection 
 
3.3.1 Soil sampling 
 
Soil samples were collected in May as well as September 2013 at three randomly chosen 
locations immediately next to the micro-plots at each slope. A soil sampling core was used 
to collect the upper 5 cm of the mineral soil by removing any remaining ashes and litter. 
Samples were then stored in a cool box and transported to the lab for analysis. 
 
 
3.3.2 Soil analysis  
 
The content of available P and  Kjeldahl N of the soil samples were analysed respectively, by 
the method of (Bray and Kurtz, 1945) and Kjeldahl method (Bremner, 1965). Soil texture was 
analysed by sedimentation (Stokes' Law) with the Robinson pipet method (Guitián-Ojea and 
Carballas, 1976), and soil bulk density was determined by the cylindrical core method (Blake 
and Hartge, 1986). The bulk density of the soil was analysed for a same depth (0-5 cm) as 
considered for texture. Soil pH (H2O) was determined in a soil:water solution (1:5) for three 
samples from each study horizon and analysed as described by Ross and Ketterings (1995). 
Results regarding soil properties (Table 3.1) were shown in a previous work (Hosseini et al., 
2016).  
 
Table 3.1 Characteristics of the study sites. Soil data concerns to the 0–5 cm layer. Source: Hosseini et al. 
(2016). 
Burnt 
Site 
Slope 
 
Mean slope 
angle ( ° ) 
 
Soil bulk 
density 
(g cm-3) 
Soil pH Soil texture 
 
Soil OM 
(%) 
 
Ash/litter 
layer 
(mm) 
4x 4x-1 29 1.15 4.3 Loam 23 <10 (Ash) 
4x-2 25 0.97 4.5 Loam 16 <10 (Ash) 
4x-3 20 0.82 4.5 Loam 19 <10 (Ash) 
        
1x 1x-1 23 0.90 4.5 Sandy loam 17 10 (Ash) 
1x-2 21 1.11 4.6 Sandy loam 16 10 (Ash) 
1x-3 20 0.75 4.6 Loam 24 10 (Ash) 
        
0x 0x-1 25 1.03 4.6 Sandy loam 13 70 (Lit.) 
0x-2 25 1.08 4.6 Sandy loam 11 80 (Lit.) 
0x-3 23 0.88 4.4 Sandy loam 17 70 (Lit.) 
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3.3.3 Soil cover 
 
Soil cover was measured 8 times from October 2012 to June 2014 (Hosseini et al., 2016). A 
10 × 10 cm gridded square was put over each micro-plot, and the cover at each crossing 
point of the gridlines was verified as stone (bedrock and coarse fragments >2 mm), bare soil, 
ash, litter, or vegetation cover as analysed by previous research done by (Hosseini et al., 
2016).  
 
 
3.3.4 Rainfall and runoff  
 
The rainfall and runoff amounts were measured and runoff samples collected between 4 
September 2012 (shortly after the fire) and 4 September 2014 (end of the monitoring 
period) at intervals of one to two weeks, depending on rainfall. Total rainfall and rain 
intensity per measurement period were measured using various pairs of storage and 
automatic rainfall gauges. The storage gauges following an in-house design were mainly 
used to validate the automatic rainfall data, obtained using tipping-bucket pronamic 
professional gauges with a 0.2 mm resolution and linked to measured just the rainfall. The 
pH and electrical conductivity (EC) of the runoff samples were measured by a Hanna 
Instruments potentiometer HI991301 (accuracy of ±0.01). 
 
 
3.3.5 Laboratory analysis of runoff samples 
 
The concentration of Total Suspended Solids (TSS) in runoff samples was quantified 
gravimetrically by filtering 50 mL of water through a glass-fibre filter with particle retention 
of 1.5 m, followed by drying to a constant weight at 105 °C. This was carried out according 
to the method D 2540 - Total Suspended Solids (APHA, 1999).  
 
 
3.3.6 Nutrient transport by runoff 
 
Total nitrogen and total phosphorus (i.e. dissolved plus particulate N and P forms) in runoff 
samples were analysed using a flow injection FIAstar™ 5000 analyser (FOSS-Tecator). Runoff 
subsamples (50 mL) were used for analysing total N (TN) and total P (TP). Prior to the 
analysis, all subsamples were subjected to an oxidative digestion using 
peroxodisulphate/alkali (Oxisolv®, Merck) and then filtered with 0.45 μm Millipore© 
membrane filters. 
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TN and TP losses by runoff per micro-plot were computed for each measurement period as: 
 
(𝑚𝑚𝑖𝑖) = (
(𝐶𝐶𝑖𝑖)×(𝐸𝐸)
𝐴𝐴
)                                                                                                                           (3.1) 
 
Where mi is the nutrient loss in the runoff (mg m-2), Ci is the nutrient concentration in the 
runoff (mg L-1); E is the total runoff (L), and A is the micro-plot area (m2). 
 
 
3.4 Data analysis 
 
All statistical analyses were performed using IBM SPSS 22.0 Statistics software. Data on 
nutrient in soil and (TN and TP) losses by runoff, were tested for normality with the 
Kolmogorov-Smirnov test. The effects of slope position, fire frequency and time on TN and 
TP losses by runoff were tested using a ANOVA repeated measures. Following the ANOVA, a 
Tukey’s HSD Post-hoc test was used to identify significant differences among sites and 
treatments for each sampling event. Whenever the data failed the normality test, a 
nonparametric Mann-Whitney U test was applied to identify significant differences amongst 
treatments. All tests were deemed statistically significant at (p<0.05). A principal component 
analysis (PCA) is mainly used to summarise the information contained in a large number of 
variables into a smaller set of new merged dimensions, with a minimum loss of information. 
In this research PCA was conducted for 4x and 1x burnt sites for runoff, rainfall, N and P 
losses, soil cover, and rainfall intensity (I30). Components with eigenvalues higher than 
Keiser’s criterion of 1 were extracted.  
 
 
3.5 Results 
 
3.5.1 Soil cover 
 
The vegetation cover increased in all sites during the study period. Vegetation cover in the 
4x burnt sites represented 16% and 48% of the cover respectively, 10 and 21 months (June 
2014) after the fire. The vegetation cover in 1x burnt sites increased from 7% in the first year 
after fire to 49% in the second year. The corresponding increase in the 0x burnt sites was 
from 20 to 62% (Hosseini et al., 2016). 
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3.5.2 Rainfall and runoff distribution 
 
A total of 2917 mm of rain fell in 70 read-outs, from 4 October 2012 to 25 September 2014. 
Of this total, 1289 mm fell during the first year after the fire, and 1628 mm fell during the 
second year. Total rainfall and its maximum intensity over 30 minutes (I30) as well as the 
average runoff volumes per fire recurrence are plotted together in Fig. 3.3. Rainfall totals 
were particularly high for eleven occasions, exceeding 100 mm. These heavy rains occurred 
mainly during the autumn and winter season. Maximum rainfall intensities (I30: 25-30 mm 
h-1) were highest in September, October, and December 2013. Nearly 64% of the 1628 mm 
of rain in the second year fell within this period. The annual runoff amounts for the first and 
second post-fire years differed significantly (F = 3.361,  p<0.05) and were nearly four- and 
eight- fold higher in the 4x burnt sites than at the 1x and 0x burnt sites respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Rainfall and runoff amounts. Site abbreviation: 4×, 1× and 0× burnt sites. 
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3.5.3 Soil nitrogen and phosphorus contents   
 
In May 2013, Kjeldahl N contents in the topsoil were significantly higher (F= 4.262, p<0.05) 
at the 1x burnt sites than at the 4x and 0x burnt sites. In September 2013, on the other hand, 
differences between burnt sites were not significant but slightly higher values were found 
at the 1x burnt than 4x burnt sites. As regards to available P contents, significantly higher (F 
= 4.623, p<0.05) N contents were found at the 4x burnt sites than 1x and 0x burnt sites (Table 
3.2) on both sampling dates. In all treatments Kjeldahl N and available P contents were 
significantly higher in May than in September 2013 (F = 4.325, p<0.05). Average nutrient 
content in the topsoil (0-5 cm) are presented in Table 3.2 and depicted in Fig. 3.4.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Soil N and P concentrations within the first year after fire. Site abbreviation: 4×, 1× and 0× 
                   burnt  sites. 
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The nutrient content in topsoil did not differ significantly (F = 0.361, p>0.05) between the 
locations of the micro-plots on each slope from top to bottom. Kjeldahl N contents at the 4x 
burnt sites averaged (4.5±1.50), (5.3±1.93), and (5.1±1.41) mg g-1, and for 1x burnt sites 
were (6.7±1.68), (5.8±0.61) and (6.1±0.52) mg g-1 and for unburnt sites were (2.6±0.34), 
(3.4±1.35) and (3.4±1.24) in the micro-plots at the bottom, middle, and top parts of the 
slope, respectively, in May 2013 (Fig. 3.4a). The available P concentrations also varied 
between the two sampling campaigns (Fig. 3.4b). Available P concentrations at the 4x burnt 
sites averaged (0.028±0.008), (0.026±0.004), and (0.027±0.003) mg g-1 in 1x burnt sites were 
(0.007±0.006), (0.015±0.004) and (0.012±0.005) and for unburnt sites were (0.003±0.002), 
(0.003±0.001) and (0.002±0.001) in the micro-plots at the bottom, middle and top sections 
of the slope, respectively, in May 2013 but had decreased in 4x and 1x burnt sites at the 
bottom, middle, and top parts of the slope in September 2013. Available P concentrations 
at unburnt sites increased to (0.004±0.002), (0.003±0.001) and (0.005±0.003) respectively 
from bottom, middle, and top parts of the slope, by September 2013.  
 
Table 3.2 Average nutrient content in topsoil within the first year after fire for the 4× burnt, 1× burnt and 0× 
burnt sites. Lowercase letters indicate significant differences between treatments (p < 0.05). 
 
 
 
 
 
 
Table 3.3 Average pH and electrical conductivity (EC) of runoff samples within the first and second years after 
fire (Hosseini et al., 2016) for the 4× burnt, 1× burnt and 0× burnt sites. 
Burnt Site 
pH EC (µS cm-1) 
1st Year 2nd Year 1st Year 2nd Year 
4x 5.7±0.56 5.4±0.34 15.2±8.63 20.2±12.21 
1x 5.8±0.45 5.3±0.38 22.7±9.20 23.1±11.64 
0x 5.4±0.70 5.1±0.46 19.0±13.75 21.0±15.01 
 
 
3.5.4 pH, EC of overland flow, and suspended solid losses  
 
The pH of runoff samples was steady over time in burnt and unburnt sites. EC (S cm-1) 
didn’t change significantly (F = 2.241, p>0.05) between sites in the 1st and 2nd year of 
monitoring (Table 3.3).   
 
The amount of TSS in runoff was significantly higher (F = 5.281, p<0.05) at the 4x burnt than 
the 1x and 0x burnt sites (Fig. 3.5). Total TSS losses within the two years after the fire were, 
on average, 335.3 ± 7.43 g m-2 at the 4x burnt sites and 42.9 ± 1.02 g m-2 at the 1x burnt 
N (mg gˉ¹) P (mg gˉ¹) 
Burnt Site May-13 Sep-13 May-13 Sep-13 
4x 5.0 ± 0.33b 3.3 ± 0.17a 0.027 ± 0.008a 0.013 ± 0.0001a 
1x 6.2 ± 0.40a 3.7 ± 0.47a 0.011 ± 0.003b 0.002 ± 0.0002b 
0x 3.1 ± 0.38c 1.9 ± 0.32b 0.002 ± 0.004c 0.004 ± 0.0002c 
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sites. Total TSS losses were significantly lower at the unburnt sites 9.8 ± 0.46 mg m-2. TSS 
losses were also more seasonally variable at the 4x burnt sites than at the 1x and 0x burnt 
sites. Highest sediment losses in both years were found during the autumn and winter 
months. Total TSS amounts at the 4x burnt sites during the autumn and winter season were, 
on average, 106.7 g m-2 in 2013 and 152.5 g m-2 in 2014. By comparison, at the 1x and 0x 
burnt sites, TSS losses amounted respectively to, 15.0 g m-2 and 5.0 g m-2 in 2013 and to 16.9 
and 3.7 g m-2 in 2014.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Loss of total suspended solids (TSS) by overland flow in the two years after fire for the 4×, 1× 
and 0× burnt sites. Lowercase letters indicate significant differences among sites (p < 0.05), (a > b > c).  
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3.5.5 Nitrogen and phosphorus losses by overland flow 
 
Annual rainfall, runoff and sediment losses as well as N and P exports for each study site are 
presented in Table 3.4. N and P losses via runoff were significantly different (p<0.05) 
between treatments and years. Higher N and P losses were found at the second than in the 
first year after fire (F = 3.921, p<0.05). Several nutrient peaks after fire, occurred in the 
autumn and winter 2013 associated to the high I30 values at all the study sites. 
 
3.5.5.1 Nitrogen losses 
The first rainfall event after the fire caused the highest N losses by runoff (Fig. 3.6). 
Nonetheless, several peaks in N exports occurred by intensive rainfall events within the 
second year after fire. In our study, the loss of TN was mainly affected by rainfall and runoff. 
N losses were significantly higher (F = 4.261, p<0.05) at the 4x burnt than 1x and 0x burnt 
sites. The sum of N losses by runoff in autumn and winter were 726.4 mg m-2 in 2013 and 
1563.9 mg m-2 in 2014 at the 4x burnt sites in comparison to 115.4 and 20.8 mg m-2 in 2013, 
and 430.8 and 70.4 mg m-2 at the 1x and 0x burnt sites, respectively.  
 
Table 3.4 Annual rainfall, runoff and sediment losses (from Hosseini et al., 2016) and N and P exports by 
overland flow for the 4× burnt, 1× burnt and 0× burnt sites. Lowercase letters indicate significant differences 
between treatments (p < 0.05). Uppercase letters indicate that significant differences were found for the 
different variables between sampling years. 
Year 
Burnt 
Site 
Rainfall 
(mm) 
Runoff 
(mm) 
Sediment losses 
(Mg ha-1) 
N export  
(mg m-2) 
P export 
(mg m-2) 
1st YearA 
4x 
1289 
411a 2.57a 917.3±35.0a 473.9±24.3a 
1x 115b 0.31b 177.7±6.0b 213.8±13.5b 
0x  51c 0.04c 22.1±1.5c 53.3±20.7c 
2nd YearB 
4x 
1628 
733a 3.79a 1861.8±32.1a 1033.6±46.1a 
1x 197b 0.84b 524.4±22.1b 441.4±23.9b 
0x 67c 0.00c 86.5±7.8c 46.0±3.7c 
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Figure 3.6 Nitrogen losses by overland flow in the two years after fire for the 4×, 1× and 0× burnt sites. 
                    Lowercase letters indicate significant differences between the treatments per rainfall event  
                    (p < 0.05), (a > b > c). 
 
3.5.5.2 Phosphorus losses 
The amount of P losses by runoff started with the first rain after the fire but, several peak in 
P losses occurred during time as a result of intensive rainfall events (Fig. 3.7). P losses were 
significantly higher (F = 3.620, p<0.05) at the 4x burnt than 1x and 0x burnt sites. The sum 
of P losses by runoff in autumn and winter were 404.1 mg m-2 in 2013 and 891.6 mg m-2 in 
2014 at the 4x burnt sites in comparison to 172.6 and 52.1 mg m-2 in 2013 and 384.3 and 
33.2 mg m-2 in 2014 at the 1x and 0x burnt sites, respectively. P losses were significantly 
higher (F = 3.741, p<0.05) in the more frequently burnt area and increased during autumn 
and winter 2013 at both the 4x and 1x burnt sites, corresponding to the periods with the 
highest rain intensities of 18.7 and 14.9 mm h-1, respectively.  
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Figure 3.7 P losses by overland flow during 24 months after fire for the  4×, 1× and 0× burnt sites. 
                   Lowercase letters indicate significant differences between the treatments per rainfall event (p 
                   < 0.05), (a > b > c).  
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Figure 3.8 Three principal components extracted from the variables for N losses: runoff (R); N loss (N); ash 
(A); litter (L) and vegetation (V) for the 4× and 1× burnt sites (1,2,3: No. of plots).  
 
 
 
Figure 3.9 Three principal components extracted from the variables for P losses: runoff (R); P loss (P); ash 
(A); litter (L) and vegetation (V) for the 4× and 1× burnt sites (1,2,3: No. of plots). 
 
 
3.5.6 Relation between environmental variables and nitrogen and 
phosphorus exports 
 
A principal component analysis (PCAs) for the burnt sites, with rainfall, runoff, soil cover and 
ash as main factors, explained 94% and 65% of the variance of nitrogen (Fig. 3.8) losses and, 
93% and 70% of the variance of phosphorus losses (Fig. 3.9) for respectively, the 4x and 1x 
burnt sites. The losses of TN and TP were highly correlated (r ≥ 0.83) with the amount of 
rainfall as well as runoff (r ≥ 0.78). There was not however a significant correlation with 
surface cover. Data for the 0x burnt sites were not included in the PCA analysis due to the 
very low runoff amounts and nutrient losses in these sites during the study period. 
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3.6 Discussion 
 
3.6.1 Nitrogen and phosphorus contents in the topsoil 
 
In this study, soil N and P concentrations were significantly higher ( p < 0.05) at the burnt 
sites (1x and 4x) than at the unburnt site (0x) during the first year after fire (Table 3.2). 
Comparing the two burnt sites, higher N concentrations were observed at the 1x burnt than 
at the 4x burnt sites  in both sampling dates, which suggests that fire recurrence is likely to 
promote nitrogen loss in Mediterranean soils (Caon et al., 2014; Esteves et al., 2012). As 
regards to P, and unlike it was expected, significantly higher concentrations were observed 
at the 4x than at the 1x burnt site. This is in line with the findings of other authors Badía and 
Martí (2003) who reported that available P in burnt soils is proportional to the ash 
availability (Table 3.1) because of the high available P contents in ashes. On the other hand, 
the higher amount of clays in the 4x burnt sites associated to the low soil pH could also 
explain these findings, since clay particles tend to increase the P sorption capacity of soils 
(Tiessen et al., 1994). In both sites, a decrease in soil N and P contents was observed within 
the first year after fire, most likely as a result of N and P losses by runoff and erosion (Ferreira 
et al., 2016a; Ferreira et al., 2016b). This decrease, however, was considerably higher for P 
than for N, particularly at the 1x burnt site reinforcing the idea that other processes, such 
as P adsorption and leaching after intensive rainfall, might have influenced the contents of 
available P at this site. As regards to slope position of each plot, no significant differences 
(p>0.05) were found between soil samples collected at the top, middle and bottom of all 
slopes, which points out to a reduced variability within slopes.  
 
 
3.6.2 Nutrient losses by overland flow  
 
Total runoff increased with rainfall intensity and consequently affected nutrient losses by 
overland flow. As presented in Table 3.4, runoff increased from the first to the second year 
after fire at both the 4x burnt (from 411 mm to 733 mm) and the 1x burnt sites (from 115 
mm to 197 mm) (Hosseini et al., 2016). Total annual N and P losses were significantly higher 
at the burnt than at the unburnt sites (Table 3.4), as would be expected since wildfires 
typically remove or substantially reduce the soil protective litter and vegetation layers 
(Hosseini et al., 2016; Vega et al., 2015; Prats et al., 2012; Shakesby, 2011). Comparing the 
two burnt sites, significantly higher N and P exports were found at the 4x than at the 1x 
burnt site (Fig. 3.6 and Fig. 3.7), most likely because the  needle cast layer from the scorched 
tree crowns at the 1x-burnt was able to effectively reduce runoff generation and soil erosion 
(Table 3.4), as also found in other works carried out in the study region (Ferreira et al., 
2016a; Ferreira et al., 2016b; Hosseini et al., 2016; Martins et al., 2013; Prats et al., 2013;  
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Prats et al., 2012). A needle cover acts mainly by increasing water storage, infiltration chance 
and resistance to the flow while decreasing splash erosion (Martins et al., 2013; Prats et al., 
2013; Prats et al., 2012; Thomas et al., 2000a; Thomas et al., 2000b), thus reducing runoff 
and the associated sediment and nutrient losses (Ferreira et al., 2016a; Ferreira et al., 
2016b; Ferreira et al., 2015; Machado et al., 2015). At the 4x burnt sites, the lack of a 
vegetation and litter layer immediately after the fire (average 40-53%; Hosseini et al. 
(2016)), associated to the decrease in the thickness of the ash layer after rainfall  (Keesstra 
et al., 2016; Prosdocimi et al., 2016a; Cerdà et al., 2015) and the slow recovery of vegetation 
(Hosseini et al., 2016) was likely to have increased post-fire runoff and the associated 
sediment and nutrient losses (Table 3.4; Fig. 3.6 and Fig. 3.7). Inter-annual differences in 
nutrient exports were generally found for all the study sites as a result of differences in 
rainfall amounts and intensities between the two hydrological years (Table 3.4; Fig. 3.6 and 
Fig. 3.7). At the two burnt sites, N and P losses were significantly higher in the second than 
in first year after fire, as a response to the higher rainfall amounts and intensities occurring 
in the latter year (Fig. 3.6 and Fig. 3.7), which generated higher runoff and sediment losses 
than in the first year (Table 3.4). These results were further reflected in the EC (µS cm-1) of 
runoff samples since slightly higher annual values were found for the second year after fire 
especially at the 4x burnt sites (Table 3.3), as would be expected since this parameter is an 
indicator of ions availability (e.g. nitrates and phosphates) in water (Heiniger et al., 2003). 
At the unburnt site, N losses were also higher in the second year but no significant 
differences were found for P losses between the two hydrological years, possibly due to the 
complex biogeochemical process involving this nutrient (Murphy et al., 2006; Certini, 2005; 
Kutiel and Shaviv, 1992).    
 
Differences in TN and TP exports over time were also found between unburnt and burnt 
sites (Fig. 3.6 and Fig. 3.7). At the unburnt site, nutrient exports were maintained low over 
time, most likely due to the existence of a permanent soil cover (Cerdan et al., 2010). At the 
two burnt sites (4x and 1x), on the other hand, a peak in N and P exports was observed 
immediately after the first significant post-fire rainfall event, possibly due to the transport 
of the easily-erodible nutrient-enriched ash layer (Caon et al., 2014; Pereira et al., 2012;  
Murphy et al., 2006). After this initial peak, peaks in N and P exports were mainly observed 
during the autumn and winter seasons associated to major rainfall events (Fig. 3.6 and Fig. 
3.7), as would be expected since these are the events generating the highest runoff amounts 
and sediment losses. The highest peaks, however, were found in the autumn and winter of 
2014 (2nd year) mainly as a result of the higher rainfall amounts and intensities registered in 
this period (Figs. 6 and 7), which promoted runoff generation and sediment losses (Figs. 3). 
Between-site differences in nutrient exports were maintained over time, i.e. for every 
moment in time, the highest nutrient exports were found at the 4x burnt sites, followed by 
the 1x burnt sites and the unburnt sites. The slow recovery of litter and vegetation at the 4x 
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burnt site was likely to have promoted overland flow and the associated sediment and 
nutrient losses (Malvar et al., 2015a; Doerr, 1998) due to the absence of a soil protective 
layer. These findings suggest that fire recurrence is likely to promote a loss in soil fertility, 
making more difficult for affected area to recover between fires. Such findings are in line 
with other studies carried out at micro-plot scale in the study region (Prats et al., 2014), but 
contradict those of other authors which found post-fire runoff and erosion to be dependent 
on slope position (Malvar et al., 2015b).   
 
An uncertainty in this study was the severity of the wildfires that arised in the different sites, 
and probably also in the control sites before 1975. This aspect deserves attention in future 
studies also. Furthermore, quick post-fire management practices should be applied to burnt 
areas with high runoff and erosion risk and slow plant recovery potentials (Hosseini et al., 
2016) to minimize the risk of further soil fertility losses. 
 
 
3.7 Conclusions 
 
The present study evaluated the effects of wildfire occurrence and recurrence on nutrient 
losses by overland flow. The main findings of the present study were that: 
 
 Wildfires induced marked changes on hydrological processes, as well as on nutrient 
cycles, which contribute to strong degradation of ecosystems; 
 Repeated wildfires seem to have compromised the recovery of vegetation and the re-
establishment of the litter layer, leading to higher N and P losses by runoff than single 
wildfires;  
 The presence of a pine needle cover from scorched crowns at the 1x burnt sites reduced 
N and P losses by overland flow. These results emphasize the importance of a protective 
soil layer to reduce post-fire nutrient losses and, eventually, for actions against soil 
fertility loss; 
 High concentrations of suspended solids and nutrients in runoff water might affect the 
water quality of downstream aquatic systems, which preferably should be prevented by 
targeted post-fire land management;  
 Studies at longer time scales than considered in this study are needed to assess the 
implications of fire frequency and intensity on Mediterranean ecosystems.  
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4. The short-term effectiveness of surfactant 
seed coating and mulching treatment in 
reducing post-fire runoff and erosion 
 
 
Over the last few decades, there has been a rise in the incidence of wildfires in Portugal 
which can have negative effects on environmental efficiency in the long run. Wildfires are 
a common phenomenon in Portugal, with an average of 130,000 hectares of land burned 
every year. The loss of vegetation and the increase in soil water repellency resulting from 
these fires, in turn, increases runoff and erosion. Wildfires physically degrade land by 
promoting runoff and erosion. This leads to an increase in suspended solids in aquatic 
ecosystems which may negatively impact aquatic habitat quality. The frequency of 
wildfires is likely to increase due to climate change. There are still significant knowledge 
gaps in post-fire erosion research. Therefore, in this study, a field soil erosion assessment 
at micro-plot scale was conducted in order to assess runoff, erosion and mitigation 
methods aimed at reducing runoff and erosion in a former maritime pine forest. In the 
field experiment, the effects of four mitigation methods were assessed which included the 
use of i) grass seeds (Fescue), ii) grass seeds with a surfactant coat, iii) pine seeds 
(maritime pine) and iv) pine seeds with pine needle mulch. In a randomized block design 
with plots measuring 0.25 m2, the runoff and erosion was measured at weekly intervals 
and compared to control plots, located on bare soil. Total rainfall and maximum rainfall 
intensity (I30) data were recorded using automatic and totalizer rainfall gauges. The 
outcome of this study shows that in plots with needle mulch, the erosion rates were some 
of the lowest recorded since the needles protected the soil from erosion. We also found that 
the use of surfactant-coated (SC) grass seeds would result in the lowest runoff 
measurements since they enhanced infiltration. Demonstrated surfactant-coating 
technology can improve soil hydrologic properties as well as seedling emergence and 
growth in rangeland soils impacted by wildfire.     
 
 
 
 
 
 
 
 
Based on:  
Hosseini, M., Pelayo, O.G., Vasques, A., Ritsema, C.J., Geissen, V. and Keizer, J.J. 2017. The 
short-term effectiveness of surfactant seed coating and mulching treatment in reducing 
post-fire runoff and erosion. Geoderma, 307, pp.231-237. 
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4.1 Introduction 
 
Fire can cause significant changes in the configuration of forests ecosystems, acting as an 
essential ecological factor in the distribution of biomes, especially in the Mediterranean 
area (Fernandez-Manso et al., 2016). Performing management actions in areas affected by 
fires is essential for forest recovery.  Any management practices used are dependent upon 
several factors such as a fire’s size, recurrence, intensity and severity as well as an area’s 
topography, climate and soil type (Vlassova and Pérez-Cabello, 2016). Wildfires are a 
common occurrence in Mediterranean regions. In Portugal, between 1980 and 2016, an 
average of 130,000 hectares of forest burned every year (ICNF, 2016; Prats et al., 2012; Giglio 
et al., 2006). The last few decades, the frequency of wildfires has increased due to 
lightening, desertification, deforestation, persistent droughts, urban growth, resource 
exploitation, fresh water reduction, and global warming, just to name a few (Westerling et 
al., 2006). Furthermore, the current practice of planting highly flammable trees like pines 
and eucalyptus increases the frequency of fires (Almeida et al., 2016;  Shakesby et al., 1996). 
Although fires play an important role in the regulation and development of Mediterranean 
forest ecosystems by inhibiting or setting back succession, they can also increase surface 
runoff and erosion and thus contribute to the physical degradation of the land (Shakesby, 
2011). In burned areas formerly covered by maritime pine (Pinus pinaster), each millimetre 
of runoff can result in approximately 0.25 g m-2 of sediment loss (Martins et al., 2013; Prats 
et al., 2012).  Apart from the loss of vegetation, which is also controlled by factors like fire 
frequency, severity and post-fire changes in soil properties (Shakesby, 2011). Systems of 
human origin such as pine and eucalyptus plantations are more prone to erosion than areas 
with native vegetation due to the higher percentage of bare soil in these areas (Pausas et 
al., 2008; Wilkinson et al., 2006). Furthermore, erosion is linked to the loss of plant nutrients 
(e.g. N and P) (Hosseini et al., 2017).  This contributes to decreased soil fertility (Stoof et al., 
2012) while at the same time contributing to increased nutrient concentrations in aquatic 
systems such as rivers (Wilkinson et al., 2006). 
 
Although the generation of runoff and erosion that occurs after forest fires is well studied 
(Stoof et al., 2012; Shakesby, 2011; Shakesby and Doerr, 2006; Certini, 2005), there is a lack 
of comprehensive knowledge regarding off-site effects as well as a lack of understanding in 
how to mitigate them (Prats et al., 2012). Since the lack of vegetation cover is a key factor in 
enhanced runoff and erosion rates, a commonly applied mitigating treatment is mulching 
(Prats et al., 2016a and b; Prats et al., 2012). Mulching is the process of applying mulch that 
could consist log slash, bark or pine needles to soil (Prats et al., 2012; Shakesby, 2011). It 
prevents soil erosion by creating a cover that protects the soil (Díaz-Raviña et al., 2012; Prats 
et al., 2012).  
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One mitigation method includes sowing grass or pine seeds, which contributes to vegetation 
recovery and therefore indirectly reduces runoff and erosion. Seeds with a surfactant-
coating might be even more promising since surfactants reduce the surface tension of water 
and hence function as wetting agents, resulting in an enhanced infiltration of water. The 
root-zone water reserves are improved in water repellent soils when using surfactant-coated 
seeds which in turn promote vegetation growth thus increasing the protective cover 
(Madsen et al., 2012).  The use of surfactants alone has been found to reduce soil-water 
repellency hence enhancing infiltration (Moore et al., 2010; Leighton Boyce et al., 2007). 
According to previous studies that were conducted in the same area, mulching has rarely 
been used in post-fire land management even though it has shown to be very effective in 
directly reducing runoff and erosion in Portugal (Prats et al., 2016b; Prats et al., 2014; Prats 
et al., 2012). Further research on the benefits of these mitigation methods is necessary. It is 
also important to develop and test methods that would indirectly reduce runoff and soil 
erosion such as the use of surfactant-coated seeds.  
 
The objective of this research was to learn more about post-fire management techniques 
with the aim of decreasing soil erosion and runoff which could in turn help guarantee the 
preservation of forest ecology and the reduction of forest fires. In this research, runoff and 
erosion occurring after repeated wildfires in a maritime pine forest were studied and 
different mitigation methods were assessed. We selected a study site that had burned four 
times in the last 30 years. An erosion assessment at micro plot scale was performed to test 
the effectiveness of four mitigation methods in reducing runoff and erosion. This 
assessment included: i) sowing pine seeds, ii) sowing pine seeds combined with mulching 
with pine needles, iii) sowing grass seeds and iv) sowing surfactant-coated seeds. It was 
expected that the runoff from plots with surfactant-coated seeds would be lower. Reduced 
sediment transport was expected to occur in the mulched plots since different types of 
mulching have shown to be highly effective in reducing soil erosion (Prats et al., 2012; 
Pannkuk and Robichaud, 2003; Shakesby et al., 1996). 
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4.2 Materials and methods  
 
4.2.1 Study site characterization  
 
The study area is located in north-central Portugal and is part of the Vouga River Basin which 
drains into the Ria de Aveiro coastal lagoon area. According to Köppen’s system, the climate 
can be classified as a temperate climate (Csb) as well as a humid mesothermal climate with 
a prolonged dry and warm summer. National information resource (SNIRH, 2014) reported 
that annual rainfall ranges from 1200 to over 2000 mm per year and the mean monthly 
temperatures range from 9°C in January to 23°C in July. The terrain has a relief with steep 
slopes of around 20-30°. The bedrock is Schist and the soils are mainly humic Cambisols and 
epileptic Umbrisols and, to a smaller extent, umbric Leptosols. Overall, soils are shallow, 
being less than 30 cm deep, and are susceptible to degradation by soil erosion, land use and 
vegetation (Figure 4.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Locations of study sites in Viseu municipality, Portugal. 
 
 
4.2.2 Experimental set-up  
 
The experimental design of this study is focused around a forest area that has burned four 
times since 1975 (in 1978, 1985, 2005, 2012). Micro-plots of approximately 0.25 m2 (Figure 
4.2) were set up on the site. Iron plates were installed at the uppermost points of these plots 
to protect the experiment area from upslope run-off. Initial characteristics of the research 
area are presented in Table 4.1. Every plot was connected to a hose which diverted any 
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surface runoff to a 70L tank. The 15 plots were used to test four different erosion mitigation 
methods that were developed with the aim of reducing runoff and erosion: (n=3): i) grass 
seeds, ii) grass seeds with a surfactant coating, iii) pine seeds and iv) pine seeds with pine 
needle mulch (Table 4.2). In addition, three control plots were made on bare soil (Figure 
4.2). The treatments were applied in October 2013.  Seed coating was performed according 
to Madsen and Petersen, 2010.  The surfactant chemical used was ACA-1820, which is a 
nonionic, alkyl-terminated, EO/PO alkyl-terminated block copolymer from Aquatrols 
Corporation of America (Paulsboro, NJ, USA). In this research, we used the native grass 
species tall Fescue (Festuca arundinacea) and Agrostis which comprised the main grass 
cover in the field. For the pine seeds, we used the native species maritime pine (Pinus 
pinaster).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Experimental plots, connected to pipes and blue tanks. The distribution of the treatments 
                   according to a randomized block design is shown on the right with control plots (grey), grass 
                   seed plots (green), grass seeds + surfactant coating 20% (green with patterns), pine seed plots 
                   (blue) and pine seeds + pine needle (red). 
 
Table 4.1 Site charactristics. 
Treatment Slope Initial surface cover (%)* Top soil texture Top soil pH 
Top soil bulk 
density (g cm-3) 
4x burnt 
Ash BS L S Veg 
Loam 4.5±0.05 0.82±0.09 
46 30 1 23 0 
*BS: Bare soil, L: Litter, S: Stone, Veg: Vegetation  
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Table 4.2 Treatments applied in this study. 
Treatment number Treatment Amount No. of plots 
T1 Grass seed 3200 gr 3 
T2 Grass seeds + surfactant coating 20% 3200 gr 3 
T3 Pine seed 25* 3 
T4 Pine seeds + pine needle 25* 3 
T5 Control (bare soil) - 3 
* 25 is the number of pine seeds used in this treatment (one seed for each 0.01 m2) 
 
 
4.2.3 Data collection 
 
4.2.3.1 Rainfall and runoff characteristic  
The field data and samples were collected from the 4th of September 2013 to the 4th of 
September 2014 at one to two-week intervals after each rainfall occurrence. Total rainfall 
and rain intensity per week were measured with totalizer and automatic rainfall gauges. 
Totalizer rain gauges were used to measure rainfall and HOBO waterproof data loggers were 
used to measure rainfall and rain intensity I30, which is defined as the amount of rain falling 
during a 30 minute period. Every plot was connected to a hose that diverted the surface 
runoff to a 70 L tank. pH and EC (H2O) of runoff were measured by a potentiometer (accuracy 
of ±0.01) (Hosseini et al., 2016). 
 
4.2.3.2 Soil cover  
The plots were assessed from October 2013 to June 2014. A 10 × 10 cm gridded quadrat was 
laid over each plot and the cover at each crossing point of the gridlines was determined and 
recorded as stone cover (bedrock and fragments >2 mm), bare soil, ash, litter, Festuca, 
Agrostis and other vegetation. These cover types were included as factors affecting runoff 
and erosion. 
 
4.2.3.3 Organic matter losses by runoff 
Sediment concentrations in the runoff samples were determined by first vigorously shaking 
the 1.5 L bottles and then pouring the contents over filter paper that was 330 mm in 
diameter with a particle-retention size of 12-15 μm (VWR International, Leuven). The filters 
were oven-dried at 105 °C for 24 hours. The organic matter (OM) content of the eroded 
sediments was determined using the loss-on-ignition method (Ball, 1964). The resulting 
weight loss was used to compute the OM content of the mineral soil (Hosseini et al., 2016). 
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4.3 Data analysis 
 
All statistical analyses were performed using IBM SPSS 22.0 statistics software. The data 
were tested for normality based on the Kolmogorov-Smirnov test. We used the one way 
ANOVA for normally distributed data and the Mann-Whitney U test for non-homogenous 
variances to identify significant differences among the plots. All tests were deemed 
statistically significant at a probability value of 0.05. Pearson correlation analyses of the 
variables were also performed, six of the highest rainfall events were chosen to statistically 
compare and analyse the treatment results. A principal component analysis (PCA) was 
mainly used to compress the information contained in a large number of variables into a 
smaller set of new merged dimensions with a minimum loss of information. In this research, 
PCA was conducted for 4 times burnt site for runoff, rainfall, soil cover, seed coating and 
rainfall intensity (I30). 
 
 
4.4 Results 
 
4.4.1 Rainfall and I30 distribution 
 
A total amount of 1632 mm of rain fell between October 2, 2013 and October 22, 2014. 
Rainfall was particularly high on six occasions, exceeding 100 mm. These heavy rains 
occurred mostly during the autumn and winter. The heavy rains in September, October, and 
late December 2013 had the highest rain intensities (25-30 mm h-1) (Hosseini et al., 2016). 
 
4.4.2 Soil cover 
 
The treatment using a 20% surfactant coating had a tendency to have more Festuca than 
the control treatment without surfactant (Fig 4.3). The cover of Agrostis was greater in the 
plots with Festuca (T1) than in the treatment plots with 20% surfactant coated seeds (T2) 
and similar to the cover observed in the bare plots (T5). This could be due to differences in 
the initial selection of the plots. The total cover was lower in the bare soil plots than in the 
other treatments but this was mainly due to the cover of Festuca that was exclusive to the 
other plots. The average heights of the pines located in the plots with the treatment of pine 
seeds and pine seeds with needle are given in Figure 4.4.   
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Figure 4.3 Average vegetation cover in plots T1 (Grass seed), T2 (Grass seeds + surfactant coating 20%), T5 
                   (Control), measured from October 2013 to June 2014.    
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Average pine height in T3 (pine seeds) and T4 (pine seeds + pine needle) plots, measured from 
                   October 2013 to June 2014. 
 
 
4.4.3 Runoff distribution 
 
Plots with grass seeds which were 20% covered with a surfactant coating produced a 
significantly lower (p<0.05) total runoff compared to the plots using grass seeds without the 
surfactant coating (Fig 4.5): 206 ± 48 mm and 642 ± 149 mm, respectively. The plots with 
pine seeds with pine needle showed significantly reduced (p<0.05) runoff compared to the 
control treatment, which significantly decreased the total erosion (Fig 4.6). During the 
research period, total runoff was measured as 426 ± 118 L m-2 for plots with pine seeds plus 
needle, 720 ± 201 L m-2 for plots with bare soil and 764 ± 231 L m-2 for plots with pine seed 
alone. 
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Figure 4.5 Rainfall and cumulative overland flow for treated plots T1 (grass seed), T2 (grass seeds + 
                   surfactant coat 20%), T3 (pine seed), T4 (Pine seeds + pine needle) and T5 (control). Different 
                   lowercase letters indicate significant differences among treatments (p < 0.05), (a>b>c). 
                  Treatment T2 performs best and T3 and T5 worst. 
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Figure 4.6 Rainfall and cumulative sediment losses for treated plots T1 (grass seed), T2 (grass seeds + 
                   surfactant coat 20%), T3 (pine seed), T4 (Pine seeds + pine needle) and T5 (control). Different 
                   lowercase letters indicate significant differences among sites (p < 0.05), (a>b>c). Treatment T2 
                   performs best and T3 and T5 worst.  
 
 
4.4.4 Sediment and OM losses 
 
After a fire, the surface of most of the plots consisted of bare soil with a thick layer of ash 
and exhibiting an altered structure. The different treatments had a significant effect on the 
sediment yield (Fig 4.6). The seed coating and pine needle mulching treatment yielded 
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significantly less sediment than the grass and pine seeding treatment (p<0.05) and the 
untreated burned soils (p<0.05). There were no significant differences between surfactant 
seed coating and mulching treatment (p=0.38). 
 
The magnitude of the OM losses by runoff varied widely among treatments after rain events 
(Fig 4.7). Generally, the significant OM losses occurred in the bare soil plots (p<05). The OM 
losses in the T3 and T1 plots were significantly smaller than the losses seen in the bare soil 
plots and significantly higher (p<0.05) than T2 and T4. The greatest OM losses were 
measured right from the start of the experiment until spring 2014 after which losses ceases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Rainfall and cumulative organic matter losses by runoff for treated plots T1 (grass seed), T2 
                   (grass seeds + surfactant coat 20%), T3 (pine seed), T4 (Pine seeds + pine needle) and T5 
                   (control). Different lowercase letters indicate significant differences among sites (p < 0.05),  
                   (a>b>c). T4 and T2 performs best and T5 worst.  
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4.4.5 Relation of various parameters that affect runoff and erosion 
 
The principal component analysis (PCAs) of burnt sites was carried out using the principal 
components: surfactant coating, rainfall, and surface cover by 84%, 65% and 60%, 
respectively. The main components extracted from the variables for treatment plots are 
presented in (Fig 4.8). The runoff and sediment losses showed a strong positive correlation 
to the amount of rainfall, which was also positively correlated to the I30. However, there was 
also a significant correlation between mulching and surface cover with decreasing runoff 
and sediment losses.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Three principal components extracted from the variables for treatment: Rainfall, rainfall intensity 
                   (I30); runoff; ash; vegetation (Veg); pine mulch; surfactant coating (SC); pine height. 
 
 
4.5 Discussion 
 
4.5.1 Treatment with seeds 
 
Wildfires can enhance soil water repellency (Malvar et al., 2015a; Shakesby and Doerr, 
2006). The use of surfactants has been found to decrease the soil water repellency and 
therefore increase the soil’s ability to absorb water (Madsen et al., 2013b; Ritsema et al., 
2008). Applying surfactants by using surfactant-coated seeds has been studied by Madsen 
et al., 2012. Researchers showed that the use of surfactant-coated seeds reduced the runoff 
of plots planted Blue-bunched Wheatgrass (Pseudoegneria spicata) by 59%, compared to 
control plots.  In the present study, there was also a reduction in runoff in the plots treated 
with surfactant-coated seeds. Although it was clear that these plots experienced less runoff, 
the question arises as to whether this runoff reduction was caused by the surfactant coat 
itself, the increased germination due to the surfactant coat, or by both. Results from Madsen 
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et al., 2012 using Blue-bunched Wheatgrass showed an increased germination rate of 
approximately three times. However, in the same study, the use of surfactant-coated Crested 
Wheatgrass seeds (Agropyron cristatum) resulted in the same seedling density as seeds 
without a surfactant coating (Madsen et al., 2012). Germination rates depended on the 
moisture requirements of each species and whether the surfactant coating could influence 
the germination rate or not (Madsen et al., 2013a; Madsen et al., 2012). It is possible that 
the germination rate of Tall Fescue used in our study is affected by the surfactant coating 
since the Tall Fescue cover was higher than the cover in plots with non-treated seeds. 
However, it is not likely that this possibly enhanced germination rate affected the reduced 
runoff since the total vegetation cover was approximately the same (41% for non-treated 
seeds and 39% for surfactant-coated seeds). It could also be that the reduction of runoff was 
mainly caused by the surfactant itself. But we are not sure how long the surfactant was 
effective. Also, we can’t say if the germination rate would be different between non-treated 
and surfactant-coated seeds in the long term. The application of untreated seeds, either 
grass or pine, did not result in significantly lower total runoff and erosion values as 
compared to the treatment with 20% surfactant-coated seeds and pine seeds combined 
with mulching with pine needles within the present experiment. This is in line with findings 
of MacDonald and Larsen (2009) who indicate that the most effective methods to reduce 
erosion rates were the ones that immediately covered the soil.  The use of Slender 
wheatgrass (Elymus trachycaulus) or Mountain brome (Bromus marginatus) did not result 
in lower erosion rates while mulch treatments like straw mulch and hydro mulch did 
(MacDonald and Larsen, 2009). 
 
 
4.5.2 Treatment with pine needle 
 
The affected reduction of total erosion values by pine needle mulch is also shown by 
Pannkuk and Robichaud (2003). Although they used a different design than the current 
study in the fact that they performed laboratory experiments with simulated rainfall on 
granitic soil and used different species, it is clear that needles significantly reduced erosion 
with a 94% reduction with the use of Ponderosa pine needles and a 74% reduction with the 
use of Douglas fir needles (Pannkuk and Robichaud, 2003). The value for sediment erosion 
in our research showed that erosion was reduced by 88% because the needles provided a 
protective carpet over the soil, intercepting the rain and thus preventing transport of 
sediment away from the plot (Prosdocimi et al., 2016b). Compared to other mulching 
techniques, using chopped Eucalypt bark reduced erosion by 89% (Prats et al., 2012) and 
using Eucalypt logging slash reduced erosion by 91% (Shakesby et al., 1996). The 
effectiveness of pine needle mulch is comparable to these findings (Prosdocimi et al., 
2016b). 
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Although the values for total runoff were lower in the plots with grass seeds than the total 
runoff in the control plots (Krebs et al. 2010), the difference was not significant. It was 
expected that the needles would enhance the runoff because the interception of the water 
by the needles should have prevented the water from infiltrating the soil (Prosdocimi et al., 
2016a; Sadeghi et al., 2015). This was not demonstrated in the present study. 
 
 
4.6 Conclusion 
 
The present study evaluated four different treatments to minimize runoff and erosion after 
wildfire. Results indicated that:  
 
 Treatment T2 (grass seeds + surfactant coating 20%), and T4 (Pine seeds + pine needle) 
performs best to decrease overland flow, sediment transport and OM losses and T3 (pine 
seed) and T5 (control) worst;  
 Surfactant coating seeds (SC) technology increased rootzone water reserves for seedling 
emergence substantially, as well as cover and biomass production;  
 SC technology may provide a promising approach to cope with water scarcity issues and 
at the same time increase plant performance. 
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5. Developing generalized parameters for post-
fire erosion risk assessment using the revised 
Morgan-Morgan-Finney model: a test for 
north-central Portuguese pine stands 
 
 
Models can be useful for predicting the hydrological impacts of natural phenomenon such 
as wildfires and to help implement effective post-fire land management options. In this 
research, the revised Morgan–Morgan–Finney (MMF) model was used to simulate runoff 
and soil erosion in recently burned maritime pine plantations with contrasting fire 
regimes, in a wet Mediterranean region of north-central Portugal. The MMF model was 
adapted for burnt areas by implementing seasonal changes in model parameters in order 
to accommodate seasonal patterns in runoff and soil erosion, attributed to changes in soil 
water repellency and vegetation recovery. The model was then evaluated by applying it 
for a total of 18 experimental micro-plots (0.25 m2) at 9 once burned and 9 four times 
burned slopes, using both previously published and newly calibrated parameters, with 
observed data used to evaluate the robustness and wider applicability of each 
parameterization. The prediction of erosion was more accurate than that of runoff, with 
an overall Nash-Sutcliffe efficiency of 0.54. Slope angle and the soils’ effective hydrological 
depth (which depends on vegetation and/or crop cover) were found to be the main 
parameters improving model outcomes, and different parameters were needed to 
differentiate between the two contrasting fire regimes. This case study showed that most 
existing benchmark parameters can be used to apply MMF in burned pine forest areas with 
moderate severity fires to support post-fire management, but indicated that further efforts 
should focus on mapping soil depth and vegetation cover to improve these assessments. 
 
 
 
 
 
  
 
 
 
Based on:  
Hosseini, M., Nunes, J.P., González-Pelayo, O., Keizer, J.J., Ritsema, C.J., and Geissen, V., 2018. 
Developing generalized parameters for post-fire erosion risk assessment using the 
revised Morgan-Morgan-Finney model: a test for north-central Portuguese pine stands. 
Catena, 165, pp.358-368.  
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5.1 Introduction 
 
Fire is a key component of the Earth system. It is a major and frequent disturbance in forest 
ecosystems, especially in Mediterranean regions due to their dry, hot summers followed by 
frequent and high-intensity rain in the autumn immediately after the wildfire season 
(Shakesby, 2011). Post-fire erosion is an important societal concern because of the potential 
impacts on soils and water resources. Increases in soil erosion rates are frequently observed 
following wildfires (Fernández et al., 2010; Shakesby and Doerr, 2006). Increases in wildfire 
frequency and burned area are commonly expected under probable future climate 
scenarios for the Mediterranean region (Fernández et al., 2010), further stressing the need 
for adequate post-fire vegetation and soil management strategies. 
 
The heating of the soils by fire can change its physical, chemical and biological 
characteristics, such as water repellency, behaviour and stability of aggregates (Shakesby 
and Doerr, 2006), soil organic matter quantity and quality (Wittenberg et al., 2014; Shakesby, 
2011), nutrient availability (Ferreira et al., 2016a and b), and composition of soil microbial 
and invertebrate communities (Certini, 2005). Besides soils, vegetation is typically 
consumed to a smaller or larger degree, depending on fire severity (Díaz-Delgado et al., 
2003). Post-fire circumstances can be favourable for vegetation regrowth, due to increased 
nutrient and water availability while facing less competition (Cerdà and Doerr, 2005). 
Nonetheless, vegetation cover is typically reduced during the post-fire period, leading to 
decreased rainfall interception and overland flow resistance (Esteves et al., 2012; Ferreira et 
al., 2008). Fire-induced changes in soil and vegetation properties can substantially influence 
post fire hydrological and erosion processes (Shakesby, 2011). Mayor et al. (2007), for 
example, found increased peak discharges at the catchment-scale occurred especially during 
the first year after a wildfire. Compared to single fires, recurrent fires may affect soil 
properties, and reduce or, at least, slow down vegetation recovery, leading to higher runoff 
and erosion rates, high concentrations of suspended solids and nutrients in runoff can 
reduce the quality of downstream aquatic systems (Hosseini et al., 2016). 
 
Accurate predictions of post fire erosion rates are needed to estimate the potential impacts 
of wildfires on on-site ecosystem services such as biomass productivity as well as on 
downstream aquatic habitats and organisms, and, at the same time, to assess the potential 
benefits of post fire rehabilitation treatments (Larsen and MacDonald, 2007). However, 
models can only use approximate descriptions of the system under study, and moreover 
contain parameters, initial and boundary conditions which are unknown (Moody et al., 
2013). Modelling efforts for burned areas, including erosion predictions after fire, have been 
a research goal of several studies (van Eck et al., 2016; Langhans et al., 2016; Vieira et al., 
2014; Fernández et al., 2010; Moody et al., 2008; Larsen and MacDonald, 2007; Benavides-
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Solorio and MacDonald, 2005). Erosion prediction approaches are well developed for post-
fire conditions in the U.S., where they are applied operationally (e.g. Robichaud et al., 2007, 
2016). However, other regions can have different dominant erosion processes (Moody et al., 
2013), and therefore require adapted models. Mediterranean burnt areas have particular 
conditions, such as a strongly seasonal soil water repellency which is not caused by fire, very 
shallow soils, or the absence of generalized riling in burnt areas (Shakesby, 2011). In 
particular, soil water repellency has been pointed as an important limitation in the 
application of erosion models for burnt conditions in the Mediterranean (Vieira et al., 2014; 
Esteves et al., 2012). Therefore, there is still a need to improve process representation for 
Mediterranean burned areas, including the determination of appropriate model parameters 
which can be used for general application as post-fire management tools. 
 
The present study focused on testing soil parameters to predict the impact of recurrent 
wildfires on runoff and erosion using the revised Morgan-Morgan-Finney (MMF) model 
(Morgan, 2001), and on understanding which parameters can be generalized for use in 
different sites, and which ones require local information, in particular related with soil 
physical properties. The revised MMF was applied to predict runoff and associated sediment 
losses at the micro-plot scale (0.25 m2) in burned pine plantations in north-central Portugal 
with contrasting fire histories of single vs. recurrent wildfires. Model performance with site-
specific parameters was compared with that using the parameters derived by Vieira et al. 
(2014). Small plots such as the present ones have been helpful to get further insights in the 
connectivity of sediment and water transport (Baartman et al., 2013), and to calibrate the 
patch-scale components of watershed models (Nunes et al., 2009), and are especially useful 
in areas where the generation of runoff is fast (Cerdà, 1999). Small plots can allow building 
a precise model, easy to run, consistent and with little input demand; such models can, 
when combined with runoff and sediment transport routines, predict water and sediment 
yield in small and medium-sized catchments (López-Vicente et al., 2013, 2015; Morgan, 
2001). The present work involved: i) testing the MMF parameterization developed by Vieira 
et al. (2014) for this site, in order to assess the robustness of the authors’ model application 
outside its calibration and validation region; and ii) assessing which MMF parameters are 
more sensitive to regional differences, by calibrating a new parameter set for this study site. 
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5.2 Materials and methods 
 
5.2.1 Study area and sites  
 
The data collection was conducted in an area of Pinus pinaster that was burnt by a wildfire 
in September 2012 and, based on existing burnt area maps, had partially burnt three more 
times since 1975, i.e. in 1978, 1985 and 2005. Since ashes were black, the litter layer and 
understory vegetation were the most affected by fire, and tree crowns were only partially 
destroyed (Keeley, 2009; Shakesby and Doerr, 2006). The study area was mainly surrounded 
and covered by stands of P. pinaster, which is a highly flammable tree species with a rotation 
cycle of 40 years, and with Pterospartum tridentatum as the predominant shrub species 
(Maia et al., 2012b, 2014; Moreira et al., 2013). The study area is located in north-central 
Portugal, and is part of the Vouga River Basin which drains into the Ria de Aveiro coastal 
lagoon (Fig. 5.1). According to Köppen’s system, the climate can be classified as temperate 
Csb, i.e. as humid meso-thermal with a prolonged dry and warm summer, or humid 
Mediterranean climate. Annual rainfall averages 1690 year-1, ranging from 1200 to more 
than 2000 mm; and mean monthly temperatures range from 9°C in January to 23°C in July 
(SNIRH, 2014). The terrain has a relief with steep slopes of around 20-30°. The bedrock 
consists of schists and the soils are mainly humic Cambisols and epileptic Umbrisols and, to 
a smaller extent, umbric Leptosols. As elsewhere in the region, soils are shallow, less than 
30 cm deep, and are susceptible to degradation by soil erosion and land use. This area is 
subjected to recurrent wildfires, and a study by Hosseini et al. (2016) has shown that areas 
with a more frequent fire history usually show more runoff and erosion in subsequent fires. 
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Figure 5.1 Locations of the study area, sites and plots, Viseu municipality, north-central Portugal, Site 
                   abbreviation: 4x burnt (4x), 1x burnt (1x).  
 
 
5.2.2 Data Collection 
 
Six maritime pine plantations with similar slope angles and aspects were selected, three of 
which having burned 4 times and the other three having burned once since 1975. Runoff 
and eroded sediments were collected from 0.25 m2 micro-plots at the lower, middle, and 
upper sections of the 4x and 1x burnt slopes, using the same design as prior studies in the 
region (Malvar et al., 2015b; Martins et al., 2013). The plots were bounded by iron plates; 
runoff was collected into a hose connected to a 70 L tank. Rainfall was measured with several 
storage gauges as well as with automatic, tipping-bucket rainfall gauges, linked to HOBO 
data event loggers. They were installed across the study area before the occurrence of 
40°45'58"N 7°51'35"W 
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rainfall. Soil moisture sensors were also installed at a depth of 5-10 cm. The micro-plots were 
installed immediately after the fire, on spots where shrubs had been absent as indicated by 
the absence of remaining burned-scorched twigs (Hosseini et al., 2016). The experimental 
set-up is schematized in Fig. 5.2. 
 
Rainfall and runoff data were collected from 4th of September 2012 until 4th of September 
2013 at one to two weekly intervals, depending on rainfall occurrence. Rainfall and runoff 
volume were measured respectively in the storage gauges and 70 L tanks; a homogenized 
sample of tank water was collected and taken to the laboratory for sediment determination. 
The ground cover of the plots was assessed between October 2012 and June 2014 at eight 
occasions, at roughly two to three monthly intervals. A 10×10 cm gridded quadrat was laid 
over each plot, and the cover at each crossing point of the gridlines was determined and 
recorded as; stone cover (bedrock and fragments >2 mm), bare soil, ash, litter, grass and 
other vegetation. Further details are provided in Hosseini et al. (2016). The authors also 
analysed this data to conclude that runoff generation and erosion was larger at the 4x burnt 
sites; the latter included an important part of organic matter due to exported ash. Runoff 
and erosion were driven by soil cover and rainfall amount, including after a period of 
drought which indicated the importance of soil water repellency. 
 
Daily potential evapotranspiration (Eo) was calculated from temperature records of the 
nearby Viseu meteorological station, using the Hargreaves method (Hargreaves and Samani, 
1985). Actual evapotranspiration (Et) was calculated separately as evaporation from 
interception, and soil evaporation combined with plant transpiration. For interception, 
vegetation cover data were used to estimate Leaf Area Index (LAI) as well as canopy storage 
capacity, using the methods proposed by Deguchi et al. (2006) and Hoyningen-Huene 
(1981), respectively. Interception (and evaporation) was then calculated using the revised 
Gash model (Gash et al., 1995). Soil evaporation and plant transpiration were calculated 
from Eo, daily rainfall data and continuous soil moisture data using the soil water balance 
equation and the approach proposed by Nunes et al. (2015), which assumes negligible 
runoff in days with soil moisture deficit.  
 
 
5.2.3 Revised Morgan-Morgan-Finney model 
 
The revised MMF model (Morgan, 2001) was selected since it has proved simple to use and 
able to give reasonable estimates of annual runoff and erosion (Vieira et al., 2014). MMF is 
originally designed as an annual step runoff and erosion model, although Vieira et al. (2014) 
have shown it works better with a seasonal time step for burnt areas. Fig. 5.3 shows a 
simplified flow chart of MMF. Runoff is assumed to occur when daily rainfall (R0) exceeds 
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soil water storage capacity (Rc), with an exponential rainfall distribution assumed. Sediment 
detachment is calculated as the sum of raindrop splash (F), calculated from kinetic energy 
and canopy cover; and runoff detachment (H), calculated from runoff, slope, vegetation 
cover and soil resistance. Sediment transport capacity by runoff (TC) is calculated from 
runoff volume, slope and vegetation cover. Erosion (E) equals the lower value between 
sediment detachment and transport amounts. The equations for sediment detachment and 
transport by runoff do not distinguish between interill and rill erosion, but the model was 
tested by Morgan (2001) in agricultural areas where rilling occurs. 
 
Figure 5.2 Field data collection structure and model calibration-validation procedure. 
                   *Calibration-validation exercise was performed three times per fire recurrence. Each time, two 
                     slopes were used for calibration and a third one for validation. MMF parameters are summarized 
                     in Table 5.1. 
 
The model was applied to the micro-plots for the entire first year after the September 2012 
fire. Table 5.1 shows input parameters and determination methods that were used in this 
research, and Fig. 5.2 shows the structure of model application, calibration and validation. 
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The model was applied with a seasonal time-step, to account for seasonal variations in soil 
water repellency, following Vieira et al. (2014). The effects of repellency on soil wetting were 
simulated by limiting water holding capacity in highly repellent seasons, following the 
approaches of Vieira et al. (2014) and Nunes et al. (2015). This was achieved by changing 
the soil effective hydrological depth (EHD), which represents not only soil depth but also 
properties such as interception by vegetation and litter, crusting, and an impermeable layer 
(Morgan, 2001). For the same purpose, Vieira et al. (2014) modified field capacity (MS), 
which is a conceptually very similar approach. 
 
Table 5.1 Morgan-Morgan-Finney model factors, input parameters and information/data sources  
Factor Parameter* Information/data source 
Rainfall R (mm yr-1)** measured in the study area ((Hosseini et al., 2016) 
Rn**   
I (mm h-1)**  
Soil MS (%)** measured at the study sites (Hosseini et al., 2016) 
BD (g cm-3) measured at the study sites (Hosseini et al., 2016) 
EHD (m)** derived from (Morgan, 2001) 
K (g J-1) based on measured soil texture class ((Hosseini et al., 2016), following 
(Morgan, 2001) 
Landform S (  ̊) measured for individual plots (Hosseini et al., 2016) 
Land cover A** this work 
Et/E0** this work 
C** estimated using the RUSLE methodology (Renard et al., 1997; Vieira et al., 
2014) 
P ** derived from (Vieira et al., 2014) 
CC (%)** measured for individual plots (Hosseini et al., 2016) 
GC (%)** this work 
PH (m)** measured for individual plots (Hosseini et al., 2016) 
* Rainfall volume per year (R), Number of rain days (Rn), Rainfall intensity (I), Soil moisture (MS), Bulk density (BD), 
Effective hydrological depth (EHD), Erodibility of soil (K), Slope steepness (S), Interception (A), Actual 
evapotranspiration (Et), Potential evapotranspiration (E0), Crop cover management factor (C and P), Percentage 
canopy cover (CC), Ground cover (GC), Plant height (PH). 
** Parameter varies with season.  
 
Seasonal variations were estimated for EHD, ground cover (GC, taken from vegetation cover) 
and evapotranspiration (Et/E0). MS was approximated by the maximum soil moisture 
content recorded during the first year of the study (Vieira et al., 2014). The remaining MMF 
parameters followed those calculated by Vieira et al. (2014). In this work, the name of the C 
and P factors described by Vieira et al. (2014) were changed, as they originally applied to 
agricultural areas; these are now respectively the soil surface erosion factor, and the ground 
cover protection factor (equalling 100-GC). 
 
MMF was calibrated using a split-sample approach, i.e., model parameters were adjusted so 
predictions would conform with part of the dataset, and then the model was validated by 
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running it with calibrated parameters for a different part (Janssen and Heuberger, 1995; 
Moriasi et al., 2007). In this case, the split-sample calibration-validation exercise was 
performed three times per fire recurrence: for each analysis, two slopes were used for 
calibration and a third one for validation (Fig. 5.2). This led to 3 parameter sets per fire 
recurrence, which were averaged to create a final parameter set. Model calibration and 
validation were done separately for the 4x and 1x burnt plots within each three months 
(seasonally), to take into account different vegetation and soil properties for sites with 
different fire histories.    
 
Finally, MMF was also applied using the parameters estimated by Vieira et al. (2014) for the 
same study area. This was done to assess i) the decrease in model performance when using 
generic parameters developed for other sites, and ii) to discover which generic parameters 
from Vieira et al. (2014) could be used unchanged, and which required modifications. Model 
performance was assessed with ordinarily used assessment indicators (Moriasi et al., 2007). 
The Nash-Sutcliffe coefficient of efficiency NS (Nash and Sutcliffe, 1970) describes the 
accuracy of the model prediction, and ranges from -∞ to 1; negative values specify that the 
mean value of observation is a better predictor than the output from the model; values 
larger than 0.5 are widely considered to identify adequate model performance (Quinton, 
1997); and values above 0.7 should not be expected due to imperfect knowledge on erosion 
modelling (Morgan, 2001; Nearing et al., 1999). The root mean squared error (RMSE) 
represents the sample standard deviation of the differences between predicted and 
observed values; this study used the ratio of RMSE to the standard deviation of the samples 
RSR (Moriasi et al., 2007), with an optimal value close to 0 and values above 0.7 indicating 
poor model performance. The percent bias (PBIAS) is a measure of accuracy, indicating the 
average deviation between simulations and observations. Finally, the Pearson coefficient (r2) 
is a measure of the relative model performance, i.e. its capacity to simulate relative 
differences between data points. Using these four indicators, model predictions were 
evaluated in two manners: as seasonal figures (every three months), and as total figures 
over the entire simulation period. 
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Figure 5.3 Simplified flow chart of the revised Morgan–Morgan–Finney model adapted from Vieira et al. 
                   (2014). 
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5.3 Results 
 
5.3.1 Seasonal parameters 
 
Fig. 5.4 shows the seasonal patterns (every three months) of rainfall (R) and the number of 
rain days (Rn). Fig. 5.5 shows the seasonal patterns of three selected parameters: Et/E0 and 
vegetation cover (CC), which were measured or calculated from data; and effective 
hydrological depth (EHD), which was calibrated. The seasonal variation of Et/E0 led to a 
reduction in available water for runoff during the dry season and an increase during the wet 
season. GC was very similar for both sites, showing little vegetation recovery during the first 
half year after the fire with cover increasing after the spring 2013 observations. GC showed 
small differences between plots for the 4x burnt site, with a maximum between 24 and 26%; 
while for the 1x burnt site, GC showed a maximum of 27% for the left-side plots (slope 1 in 
Fig. 5.2), and between 20 and 21% for the others. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Cumulative rainfall (R) and amount of rain days (Rn) per season. 
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Figure 5.5 Seasonal variations in MMF parameters for the 4× and 1× burnt sites used during calibration: (a) 
                   evapotranspiration (Et/E0), (b) vegetation ground cover (GC, %) and (c) effective hydrological 
                   depth of soil (EHD, m).   
 
Calibration led to very different values for EHD between the 4x and 1x burnt sites. 
Furthermore, following Vieira et al. (2014) different EHD values were used for the different 
season to simulate phenomena such as changes in soil water repellency (leading to lower 
EHD in the drier than wetter months) and recovery of vegetation interception storage 
capacity. The calibration procedure showed that both sites could be simulated with similar 
parameter sets, but varying EHD; this indicated that the most important difference between 
both sites, at least concerning hydrological and erosion response, was in soil repated 
properties. 
 
Table 5.2 MMF model performance in predicting annual runoff and erosion rates at the 1x and 4x burnt sites. 
  
 
This work 
Based on parameters by 
Vieira et al. (2014) 
  Satisfactory 1x burnt 4x burnt 1x+4x 1x burnt 4x burnt 1x+4x 
Runoff r2* > 0.5 0.03 0.02 0.03 0.04 0.02 0.04 
PBIAS Runoff ± 25% 12.8% 8.4% 10.8% -34.9% -10.8% -24.4% 
RSR < 0.7 1.78 1.11 1.17 2.84 1.13 1.42 
NSE > 0.5 -1.71 -0.36 -0.33 -1.82 -0.37 -0.55 
Erosion r2 > 0.5 0.32 0.44 0.55 0.39 0.48 0.35 
PBIAS Erosion ± 55% -0.8% -0.6% -0.8% -57.0% -30.3% -47.6% 
RSR < 0.7 0.79 0.79 0.66 1.54 1.01 1.20 
NSE > 0.5 0.30 0.29 0.54 0.37 0.46 0.33 
* Coefficient of determination (r2), Percent bias (PBIAS), RMSE to sample StDev ratio (RSR), Nash-Sutcliffe coefficient of 
efficiency (NSE).  
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Figure 5.6a Measured vs. simulated annual runoff for the 4× and 1× burnt sites. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6b Measured vs. simulated annual erosion for the 4× and 1× burnt sites. 
 
 
 
5.3.2 Annual runoff and erosion rates 
 
Statistics for the simulation of overall runoff and soil erosion rates are shown in Table 5.2. 
Simulated annual runoff for the individual plots were plotted against the observed values in 
Fig. 5.6a. The modelling approach did not provide accurate estimates for the differences 
between plots nor between fire recurrence sites. A similarly poor performance was achieved 
with the parameters of Vieira et al. (2014), sharply contrasting with their good model 
performance in the original study. 
 
Model performance for annual soil loss estimations was much better than that for runoff, 
as shown in Fig. 5.6b and Table 5.2. The model was able to simulate reasonably well the 
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markedly higher soil losses at the 4x burnt sites when compared with the 1x burnt sites 
(Table 5.2), although it achieved worse results in differentiating between individual plots 
inside the 4x + 1x sites. The most sensitive parameter to differentiate predictions between 
4x- and 1x- burnt plots was EHD, while differences between plots of the same fire recurrence 
were mainly related to slope angle. The application with the parameters by Vieira et al. 
(2014) led to a marginally better, but still unsatisfactory, differentiation between plots, at 
the expense of a much worse performance in differentiating both sites. In any case, accuracy 
was much worse in this application with very low PBIAS. 
 
 
5.3.3 Seasonal runoff and erosion rates 
 
MMF also showed a poor performance for runoff when evaluating results at the seasonal 
scale (not shown, but as poor as the annual performance shown in Fig. 5.6a). MMF still 
performed reasonably well for simulated erosion at this scale, as shown in Figs. 5.7 and 5.8 
(compare with rainfall in Fig. 5.4). For the 4x burnt sites, the simulated amounts from this 
work tended to overestimate values in autumn 2012 while underestimating it in the autumn 
of 2013. The application with the parameters from Vieira et al. (2014) had a slightly better 
seasonal match (r2) at the expense of an larger overall underestimation (PBias), especially 
at the final season. Results from this research in the 1x burnt sites, however, had both a 
better fit and improved accuracy than by using the parameters of Vieira et al. (2014). 
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5.4 Discussion
5.4.1 Evaluation and comparison with other studies
A comparison between results in the present study and previous research using the MMF
model is shown in Table 5.3, which indicates that the accuracy in modelling annual erosion
was comparable to, or better than, results obtained with similar approaches for burned
areas. This study achieved accurate efficiency for the prediction of post-fire soil erosion;
model efficiency approached NSE = 0.54 for annual erosion rates for the 4x + 1x burnt sites. 
These results were comparable with those previously reported for the application of MMF
to burned sites in Portugal (Vieira et al., 2014) and in north-western Spain (Fernández et al., 
2010). Furthermore, this study supports the research done by Vieira et al. (2014) which 
mention that annual erosion predictions with MMF were acceptable using a seasonal
modelling approach. Model proficiency for seasonal predictions was also lower than that for
annual predictions in both studies.
Table 5.3 Overview of previous erosion modelling studies for post-fire erosion.
Study Location Land Use Model
NSE
(Erosion)
RMSE
(kg m-2)
This study North-Central Portugal Pine MMF 0.54 0.55
(Vieira et al., 2014) North-Central Portugal Pine
Eucalypt
MMF 0.20
0.50
0.24
0.21
(Fernández et al., 2010) North-Western Spain Pine forest and
shrubland
RUSLE
MMF
0.87
0.74
0.63
0.90
Other approaches to model post-fire runoff and erosion in this region have had limited
success. Simulations with PESERA have led to overestimations of erosion due to not
considering specific factors behind the hydrological response of burnt soils, such as 
repellency or ash (Esteves et al., 2012), and improvements require a careful
parameterization of these soil properties (Fernández and Vega, 2016). Simulations of runoff
with LISEM also had limited success due to the poor representation of the properties of
burnt soils, especially soil water repellency (van Eck et al., 2016). 
Given these results, it would be expected that a successful runoff simulation would be
required for a successful erosion simulation, especially when considering that the validation
of runoff could be a pre-condition to validate erosion simulations, as mentioned by Morgan
(2005). This was not, however, the case for this work, as shown in Table 5.2; MMF was not
able to distinguish runoff between individual microplots, possibly since runoff is dependent
mostly on values which are constant for each set of slopes, mainly rainfall, EHD and soil
90
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markedly higher soil losses at the 4x burnt sites when compared with the 1x burnt sites
(Table 5.2), although it achieved worse results in differentiating between individual plots
inside the 4x + 1x sites. The most sensitive parameter to differentiate predictions between
4x- and 1x- burnt plots was EHD, while differences between plots of the same fire recurrence
were mainly related to slope angle. The application with the parameters by Vieira et al. 
(2014) led to a marginally better, but still unsatisfactory, differentiation between plots, at
the expense of a much worse performance in differentiating both sites. In any case, accuracy
was much worse in this application with very low PBIAS.
5.3.3 Seasonal runoff and erosion rates
MMF also showed a poor performance for runoff when evaluating results at the seasonal
scale (not shown, but as poor as the annual performance shown in Fig. 5.6a). MMF still
performed reasonably well for simulated erosion at this scale, as shown in Figs. 5.7 and 5.8 
(compare with rainfall in Fig. 5.4). For the 4x burnt sites, the simulated amounts from this
work tended to overestimate values in autumn 2012 while underestimating it in the autumn
of 2013. The application with the parameters from Vieira et al. (2014) had a slightly better
seasonal match (r2) at the expense of an larger overall underestimation (PBias), especially
at the final season. Results from this research in the 1x burnt sites, however, had both a 
better fit and improved accuracy than by using the parameters of Vieira et al. (2014).
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5.4 Discussion 
 
5.4.1 Evaluation and comparison with other studies 
 
A comparison between results in the present study and previous research using the MMF 
model is shown in Table 5.3, which indicates that the accuracy in modelling annual erosion 
was comparable to, or better than, results obtained with similar approaches for burned 
areas. This study achieved accurate efficiency for the prediction of post-fire soil erosion; 
model efficiency approached NSE = 0.54 for annual erosion rates for the 4x + 1x burnt sites. 
These results were comparable with those previously reported for the application of MMF 
to burned sites in Portugal (Vieira et al., 2014) and in north-western Spain (Fernández et al., 
2010). Furthermore, this study supports the research done by Vieira et al. (2014) which 
mention that annual erosion predictions with MMF were acceptable using a seasonal 
modelling approach. Model proficiency for seasonal predictions was also lower than that for 
annual predictions in both studies. 
 
Table 5.3 Overview of previous erosion modelling studies for post-fire erosion.  
Study Location Land Use Model 
NSE 
(Erosion) 
RMSE 
(kg m-2) 
This study North-Central Portugal Pine MMF 0.54 0.55 
(Vieira et al., 2014) North-Central Portugal Pine 
Eucalypt 
MMF 0.20 
0.50 
0.24 
0.21 
(Fernández et al., 2010) 
 
North-Western Spain 
 
Pine forest and 
shrubland 
RUSLE 
MMF 
0.87 
0.74 
0.63 
0.90 
 
Other approaches to model post-fire runoff and erosion in this region have had limited 
success. Simulations with PESERA have led to overestimations of erosion due to not 
considering specific factors behind the hydrological response of burnt soils, such as 
repellency or ash (Esteves et al., 2012), and improvements require a careful 
parameterization of these soil properties (Fernández and Vega, 2016). Simulations of runoff 
with LISEM also had limited success due to the poor representation of the properties of 
burnt soils, especially soil water repellency (van Eck et al., 2016).  
 
Given these results, it would be expected that a successful runoff simulation would be 
required for a successful erosion simulation, especially when considering that the validation 
of runoff could be a pre-condition to validate erosion simulations, as mentioned by Morgan 
(2005). This was not, however, the case for this work, as shown in Table 5.2; MMF was not 
able to distinguish runoff between individual microplots, possibly since runoff is dependent 
mostly on values which are constant for each set of slopes, mainly rainfall, EHD and soil 
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related properties (see Fig. 5.3). However, runoff simulations were still in the range of 
measured values (Fig. 5.6a). 
 
Furthermore, erosion in MMF is affected not only by the amount of runoff, but also by other 
factors such as slope, soil erodibility or vegetation cover (Morgan, 2001). Here, the similarity 
of runoff measurements between different sites could indicate that differences in erosion 
rates were a function of the remaining factors. In particular, the differences in slope between 
plots could be the driving factor for the observed differences in runoff detachment rates and 
transport capacity. Additionally, the absence of concentrated flow processes at this scale 
(and probably at larger scales as well, as discussed below) could have made the runoff 
prediction less relevant for the erosion prediction. Therefore, a prediction of runoff in the 
same range as observed values was sufficient to correctly simulate erosion, which explains 
the need for EHD calibration described above as this parameter mostly affects runoff.  
 
In seasonal terms, MMF tended to have a mismatch with seasonal erosion values, especially 
at the end of the simulation period. A similar mismatch was observed in the application by 
Vieira et al. (2014), and could indicate that MMF is unable to take into account the evolution 
of vegetation and soil parameters with post-fire recovery. Model parameters such as EHD 
could be modified to take this into account, which could lead to notable improvement of 
model results. 
 
The present application of the MMF model has allowed the identification of causes for the 
different hydrologic responses of the 4x and 1x burnt sites. This was mainly due to 
differences in the effective hydrological depth, with lower EHD in the 4x burnt sites leading 
to slightly higher runoff rates than in the 1x burnt sites, and hence to more erosion. This 
would be a foreseeable result, as the 4x burnt sites would have experienced more post-fire 
erosion episodes than the 1x burnt sites, therefore having shallower soils with lower water 
holding capacity. Soils in the area are generally under 30 cm (Hosseini et al., 2016) and, in 
such shallow soils, variations in soil depth can have a strong effect on runoff response, as 
demonstrated by Tavares Wahren et al. (2016) for a nearby region. 
 
The remaining differentiation between plots was most likely due to slope angle, with 
relatively small impact of vegetation cover. A recent study by van Eck et al. (2016) also 
suggested low importance of vegetation cover for successfully simulating post-fire runoff in 
this region, due to the relatively overall low canopy cover and interception storage capacity.  
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5.4.2 Limitations of modelling after wildfires 
 
Prediction errors can originate from errors in model structure and implementation, model 
input data and model parameterization but also in the data used for model assessment 
(Vieira et al., 2014; Nearing et al., 1999). The accurate predictions reached with the MMF 
model for other burned study sites (Vieira et al., 2014; Fernández et al., 2010) indicate that 
the model structure is valid for burned areas, although it had to be adapted to reflect some 
site-specific conditions, like seasonal changes in the soil and surface cover. 
 
Rainfall, vegetation cover and runoff and erosion rates are typically the main sources of 
measurement errors (Vieira et al., 2014; Larsen and MacDonald, 2007; Pietraszek, 2006). In 
this work, rainfall figures can be regarded as accurate as there were negligible differences 
between the various rainfall gauges across the study area. Surface cover measurements 
were done by the same observer, thus reducing potential errors. Runoff and erosion 
monitoring provided independent and reliable data on the hydrological response of each 
plot.  
 
Finally, the estimate of the effective hydrological soil depth (EHD) is a potential source of 
error; guidelines from Morgan (2001) were used in this work, but they might not be very 
accurate for very thin soils (Vieira et al., 2014), and the model is therefore dependent on a 
strong calibration of this parameter. This can also help explain the poorer seasonal 
performance for the 4x burnt sites, with lower EHD, when compared with that for the 1x 
burnt sites. 
 
 
5.4.3 Limitations of using microplots for model parameterization 
 
Despite the fact that the MMF equations do not explicitly distinguish concentrated flow 
erosion (Morgan, 2001), models should generally be developed separately for interill and rill 
processes (e.g. Nearing, 1989). Therefore, the parameterization performed in this work 
using 0.25 m2 plots might not be valid for hillslopes where rill erosion might be dominant 
(Morgan, 2005). 
 
However, this is not usually the situation in burnt Portuguese forests, as discussed in length 
by Prats et al. (2016b) for runoff and Prats et al. (2016a) for erosion. Prats et al. (2016b) note 
the decrease of runoff with increasing slope length, due to the increasing variability of 
infiltration which allows for more opportunities for runoff re-infiltration; in consequence, 
runoff connectivity decreases with length, which constitutes a strong limitation to the 
generation of concentrated flow and hence to rill erosion. 
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This could occasionally be counteracted by the seasonal occurrence of soil water repellency 
(Prats et al., 2016b; Ferreira et al., 2008), which would incidentally explain its importance 
for post-fire runoff generation in Mediterranean regions. However, even in these conditions 
Prats et al. (2016a) found that scale did not affect erosion rates from scales between 0.25 
and 10 m2, indicating that interill erosion was the dominant process between these scales, 
possibly due to the limited occurrence of concentrated flow. This is not a unique result; the 
absence of widespread rilling in burnt areas has been observed elsewhere in Portugal 
(Ferreira et al., 2008), and in other regions of the the Mediterranean also (Shakesby, 2011). 
In fact, in a recent review, Moody et al. (2013) discuss how certain environmental conditions 
favour the dominance of interill erosion in several burnt hillslopes across the globe. 
 
These facts suggest that the microplot data collected and used in this work can be 
representative of larger patches of burned forests, possibly even up to the hillslope scale. In 
support of this, it should be noted that the parameters developed by Vieira et al. (2014) for 
16 m2 plots were easily applied to the microplots used in this study despite the difference 
in scale. 
 
 
5.4.4 Modelling as a post-fire management tool 
 
Using the revised MMF model for burnt areas to predict erosion risk is an important long-
term objective of this research. The present results show that the revised MMF seasonal 
approach with EHD calibration performs better than earlier attempts by Vieira et al. (2014). 
Accurate soil depth measurements can support the estimation of EHD for different study 
areas; in the absence of these, estimation methods based on auxiliary variables such as 
topography, geology and land use can be used, such as the one presented for this area by 
Tavares Wahren et al. (2016).  
 
Moreover, the potential representativity of microplot data for entire slope-scale conditions, 
as described above, opens interesting possibilities for modelling as a fire management tool. 
Historically, microplots have been used for erosion assessment in burnt areas in 
Mediterranean regions, and there is a wealth of data both from natural and simulated 
rainfall experiments (e.g. Hosseini et al., 2016; Malvar et al., 2015b; Martins et al., 2013). 
Such data might support larger-scale applications, an assumption which should be tested 
thoroughly (Prats et al., 2016a and b). Morgan (2001) and López-Vicente et al. (2013; 2015) 
demonstrated that MMF application calibrated at the plot scale potentially can serve as a 
basis for simulation of sediment transport at larger scales.  
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5.5 Conclusions 
 
The main conclusions of the current study on runoff and erosion after wildfires in maritime 
pine plantations in north central Portugal are the following:  
 
 The MMF model performed reasonably well for soil erosion predictions (NSE > 0.5) at 
small plots;  
 Slope angle and the effective hydrological depth were the main parameters that require 
accurate data to acquire reliable model output results; 
 MMF performed unsatisfactory for predicting runoff, and more attention is required to 
improve the MMF model for this purpose; 
 Seasonal predictions were less accurate than annual predictions due to the variability of 
rainfall; 
 Applying MMF to different regions in Portugal and elsewhere require accurate field 
observations and related model input data collection. 
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6. Synthesis 
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6.1. General discussion 
 
Important aspects of Mediterranean ecosystems such as vegetation dynamics, nutrient 
cycling, and soil and water retention are widely affected by wildfires. Therefore, studying 
the impacts of fire on soil properties and dynamics, runoff, organic matter and nutrient loss, 
water repellency, surface cover and vegetation recovery is important in order to better 
manage fire prone areas. Although a lot of research has been done on the general effects of 
fires (Shakesby, 2011; Shakesby and Doerr, 2006), little attention has been given to the 
effects of fire frequency on the burnt areas. During this PhD project, various studies were 
conducted to advance the understanding of the effects of fire occurrence and, particularly, 
fire frequency on surface cover, runoff, soil erosion, and organic matter and nutrient losses. 
Model application to simulate observed runoff and erosion in microplots in the field 
received also the required attention. Furthermore, specific trials have been deployed to test 
a range of possible treatments to regreen fire affected plots. The overal findings of the PhD 
study are summarized in Figure 6.1 and discussed in greater detail below.  
 
 
6.1.1 The effect of fire frequency on runoff, soil erosion, loss of organic matter 
and surface cover at micro-plot scale in north-central Portugal 
 
Post-fire runoff, sediment transport, and OM losses have been studied regularly (Stoof et 
al., 2015; Ebel, 2012; Shakesby, 2011; Stoof, 2011), however, less attention has been given 
to the consequences of repeated fires on these processes. Repeated forest fires are either 
started accidentally by humans or by natural occurrences, such as lightning strikes, or 
caused by climate change which has been increasing the length of the fire season 
(Malkisnon et al., 2011). A single fire can damage part of the vegetation and humus layer 
leaving a small layer of ash on top of the soil (Badía and Martí 2003). Repeated fires 
however, can burn the vegetation cover and humus layer more severely and deeply thus 
increasing the amount of ash formed and deposited on the soil surface. In addition, soil 
water repellency tends to be increased also under these conditions. This can increase the 
risk of runoff, ash transport, soil erosion and organic matter (OM) losses, especially after a 
heavy rainfall (I30) (Shakesby, 2011). During the course of this PhD research (Chapter 2), we 
have confirmed that repeated wildfires in a given area result in more soil degradation than 
individual wildfires. The degradation included the disappearance of the O horizon in these 
areas as well as an increase in the average ash cover in the burnt sites, which measured 
approximately 10 cm in the area under consideration. The depth of the O horizon in the 
unburnt sites was 7–10 cm. No vegetation remained in the repeatedly (4×) burnt sites. The 
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shrub layer and some pine trees were destroyed in the sites which burnt only once. Annual 
vegetation, pine trees, and shrub layers covered the unburnt sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Key findings from the PhD study. 
  
Heat, which is a direct effect of fire on the soil, can change the physical properties of the 
soil (Stoof et al., 2015), and plant-water-soil processes. For example, wildfire severity and 
fire frequency can have negative effects on soil structure (Stoof et al., 2015; Martínez-Aznar 
et al., 2013; Alauzis et al., 2004; García-Corona et al., 2004). Frequent wildfires can also 
change the water cycle, increasing soil water repellency (SWR) and reducing soil infiltration 
rates (Caon et al., 2014; Carreiras et al., 2014). Increased SWR due to wildfires has been 
reported in the Mediterranean (Ferreira et al., 2005a). However, similar levels of repellency 
have also been found in long unburnt and recently burnt soils in Pinus pinaster and E. 
globulus plantations (Doerr et al., 1998). Our study also provides interesting insights into 
the effect of fire frequency on SWR. We found that repellency was initially high in both sites, 
the one affected by frequent fires and the one affected by a single fire, but the repellent 
layer washed away very quickly in the 4x burnt sites due to the lack of surface cover and 
related high runoff. This suggests that wildfire frequency adds further complexity to effects 
of fire on soil–water–plant dynamics. 
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Wildfires can increase the runoff coefficient and the risk of downstream flooding after 
heavy rains. Our research showed that repeated wildfires worsen the situation. We found 
that the runoff coefficient was significantly higher in the 4x burnt sites (25-40%) than in the 
1x burnt (6-10%) and 0x burnt sites (2-4%), respectively. A number of studies conducted in 
the Mediterranean have noted higher overland flow and runoff coefficients after wildfires 
as compared to unburnt areas (e.g. Shakesby, 2011; Ferreira et al., 2005a and b), however, 
fire severity can also be a factor. Úbeda and Sala (1998) found higher runoff coefficients in 
a previously unburnt forest in north-east Spain after a single high to moderate wildfire 
(33.6-37.4%) than after a low to moderate fire (6.3–10.0%). The findings of this PhD project 
agree with this other research and additionally shows that the runoff coefficient for areas 
subject to multiple fires is significantly higher than for areas exposed to just one fire. 
 
Our research showed that the increased runoff and sediment loss following a fire are 
ultimately linked to I30 , soil moisture and soil cover in all sites. Others have also recognized 
that as a result of the changes in soil properties and cover, erosion is likely to increase after 
wildfires as compared to unburnt sites (Moody et al., 2013; Malkisnon et al., 2011; 
Wittenberg and Inbar, 2009a). However, in this project, we looked deeper into the reasons 
for this as well as the impact of repeated fires. Our findings clearly indicate that fire 
frequency plays a role in soil losses as these were higher in the 4x than in the 1x burnt sites 
(2.57 vs. 0.31 Mg ha-1 in the first year, and 3.79 vs. 0.84 Mg ha-1 in the second year, 
respectively). Our soil loss results for single burnt sites was less in the first year after a fire 
as compared to the research done by Vega et al. (2005) in north-west of Spain, showing an 
erosion amount of 0.56 Mg ha-1 in the intensively burnt sites and 0.22 Mg ha-1 in lightly burnt 
sites.  
 
Runoff and soil losses in this study occurred not only after erosive rainstorms following a 
fire but also after a subsequent period of drought. Infrequent but intense rainstorms, having 
high I30 values, can cause high runoff and soil losses within short periods of time, especially 
if soil stability is low.  Caon et al. (2014) reported that high soil loss after frequent fire could 
be due to the reduced stability of soil, which is linked to a decrease in soil organic matter.  
Additionally, soil water repellency (SWR), which can occur both after fire and after periods 
of drought, can decrease infiltration (Martin and Moody, 2001; Stoof et al., 2015), and the 
retention of soil water (Stoof et al., 2015; Ebel, 2012; Shakesby, 2011) resulting in increased 
runoff and soil erosion in both wet and dry periods. While I30 and soil moisture were 
regulating factors in runoff and sediment loss, lack of vegetation cover was of utmost 
important.    
 
It was clear in our study that the differences in vegetation cover were important in the 
increased runoff and erosion in the 4x sites compared to the 1x and 0x burnt sites. These 
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differences in soil cover are linked to frequency of fire. Fire burns vegetation and organic 
matter (OM) resulting in accumulation of ash on the soil surface (Stoof et al., 2015; 
González-Pelayo et al., 2010). This reduces infiltration, increases runoff and soil erodibility 
(Stoof et al., 2015; Moody and Ebel, 2014; Onda et al., 2008; Nunes et al., 2005). As 
presented in Chapter 2, OM losses by runoff made up nearly half the volume of the eroded 
soil from the 4x burnt sites. The effects of fire on OM are highly dependent upon fire 
duration and intensity, soil moisture, soil type and vegetation (Caon et al., 2014). Our 
research shows that fire frequency is also an important factor. OM losses in the first and 
second years were significantly higher in the frequently burnt sites as compared to the 
single burnt sites (1.29 vs. 0.14 Mg ha-1  in the first year and 2.23 vs. 0.37 Mg ha-1, in the 
second year respectively). Erosion and OM losses were significantly lower for the unburnt 
sites mainly due to the vegetation and surface cover. OM losses by runoff were higher in 
this study than in the study of Prats et al., (2012), which was carried out in the same study 
region on a single burnt site, amounting to 0.21 and 0.12 Mg ha-1 for the first and the second 
year after a fire. 
 
The low sediment and OM losses in the single burnt sites could be explained by the 
significantly higher litter cover found here than in the frequently burnt sites. Litter plays an 
important role in reducing erosion by interrupting and slowing water and sediment flow 
(Malvar et al., 2015b; Prats et al., 2012). Even though ash cover can reduce soil erosion by 
holding the water from rainfall (Pereira et al., 2014), our study shows that, due to the bare 
soil conditions, frequent wildfires lead to increased ash and soil losses by runoff during the 
first year after a fire thus exposing the destabilized soil to further erosion in the second year 
under conditions of high I30. The significant differences in sediment load between the 
frequently and single burnt sites agreed with the findings by Wittenberg and Inbar (2009a) 
and Malkisnon et al. (2011) who reported that the lack of vegetation cover in repeatedly 
burnt sites is the main reason for observed sediment losses. What this project confirms is 
that higher fire frequency results in a continued loss of vegetation and soil cover and this 
caused increased sediment and OM losses thereafter. 
 
 
6.1.2 The effects of fire occurrence and recurrence on nitrogen and 
phosphorus losses by overland flow in maritime pine plantations in north-
central Portugal 
 
Nitrogen (N) and phosphorous (P) are important elements for the growth of plants, but can 
cause problems if they are lacking or available on the wrong place. Therefore, studying the 
effects of fire on N and P losses is important for assessing the effects of wildfires on soil 
fertility and on the quality state of downstream aquatic habitats. Most studies have 
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evaluated the impact of single fires on soil nutrients changes rather than the potentially 
more significant impact of repeated fire regimes (Ferreira et al., 2016a; Ferreira et al., 
2016b; Machado et al., 2015; Badía et al., 2014). In this study, we found that the effect of 
fire on N and P losses varies, especially over time, and that repeated fire can have a 
compounded impact.  
 
Some studies have reported that, with increased fire frequency, the cumulative loss of 
nutrients - particularly N and P - led to soil nutrient deficits in fire affected areas (Caon et 
al., 2014; Eugenio and Lloret, 2007; Eugenio and Lloret, 2004). We were interested to learn 
more about the processes involved. Frequent fire destroys not only vegetation cover, but 
also burns part of the humus layer, which is the main source of N and P. This increases the 
amount of nutrient rich ash deposited on the top of the soil, and can increase the risk of its 
loss via transport by runoff after a high rainfall intensity (I30) (Caon et al., 2014). Our research 
also suggests that vegetation recovery and the re-establishment of the litter layer was more 
delayed by repeated wildfires than by an individual fire. This could be related to the 
cumulative loss of nutrients in these areas.  
 
In our research immediately after the fire, the nutrient content in both the O and A horizons 
of the 4x burnt sites was higher because of the increased ash deposition at these sites. This 
was also due to the lack of vegetation after a fire which leads to the loss of nutrients that 
are transported along with suspended sediment in runoff (Badía et al., 2014; Badia and 
Marti, 2008). However, due to the lack of vegetation cover and a litter layer on these sites, 
the ash layer washed away easily with the first rainfall resulting in high nutrient losses due 
to runoff.   
 
Our research supports the study of Carreira et al. (1994) and Castelli and Lazzari (2002) who 
measured a significant increase in soil nutrient content with increasing fire recurrence. Also, 
according to Hamman et al. (2008) both early and late season burns significantly increase 
the nutrient content in the first 0–5 cm of soil. Rodríguez et al. (2009) reported that in the 
short-term, the occurrence of low, medium and high intensity wildfires significantly 
increased the nutrient content in the A horizon (0–5 and 0–10 cm) of pine forests. On the 
other hand, significantly lower nutrient contents were measured by Johnson et al. (2007) 
one year after the fire in a pine forest, which contrasts with our research.  
 
Changes in soil P content depend on fire intensity and duration, which are related to the 
temperature reached in the soil during a fire. If the ash is not washed away by surface runoff 
or blown away by wind, higher amounts of phosphorus could be found in the burned soil 
than in the unburned soil (Ekinci and Kavdir, 2005). In our research conducted after the fire, 
the phosphorus content in the 4x burnt sites was higher than in the 1x and 0x burned sites, 
 
 
Synthesis  103 
 
respectively. By burning pine forests at low, medium and high fire intensities, the 
phosphorus content did not significantly increase in the A horizon (0–5 cm) (Hernández et 
al., 1997; Kutiel and Shaviv, 1992), which contrasts with our findings. The same result was 
measured in pine forests by Johnson et al. (2007) for the 0–10 cm soil depth, one year after 
a fire.  
 
Our research in Chapter 3 provides a better understanding of the effects of single and 
repeated fires on post-fire N and P losses by overland flow in maritime pine plantations in 
north-central Portugal. Comparing the two burnt sites (4x and 1x), N and P exports by 
overland flow at the frequently burned site were significantly higher than those at the single 
burnt site, most likely because the needle layer at the single burnt sites was able to 
effectively reduce runoff generation and soil erosion. This was also confirmed in other 
studies in the same study region (Ferreira et al., 2016a; Ferreira et al., 2016b; Martins et al., 
2013; Prats et al., 2012). However, in the frequently burnt sites, the lack of vegetation cover 
increased overland flow, and N and P losses after rainfall events.  
 
In this research, at the two burnt sites (4x and 1x), a peak in N and P exports by runoff was 
observed immediately after the first high I30 post-fire rainfall event, most likely due to the 
transport of the easily-erodible nutrient-enriched ash layer (Caon et al., 2014; Pereira et al., 
2012; Murphy et al., 2006). Peaks in N and P exports were mainly observed during the 
autumn and winter seasons associated with major rainfall events with high I30. This was not 
surprising since these are the events generating the highest runoff amounts and sediment 
losses. N losses of 2779 mg m-2 in the 4x burnt site vs. 702 mg m-2  in in the 1x burnt sites 
and P losses of 1507 mg m-2  in the 4x burnt site vs. 655 mg m-2  in the 1x burnt sites, show 
that soil fertility losses are higher with recurrent fires than with single fires (Figure 6.2). The 
existence of a needle cover reduced overland flow and the associated sediment and 
nutrient transport. Other studies in the same study region have also found that pine needles 
are highly effective in reducing runoff and especially erosion (Martins et al., 2013; Prats et 
al., 2012, 2013; Pereira et al., 2012), which of course influence nutrient dynamics. The study 
of Ferreira et al. (2016a, 2016b) included some maritime pine stands in the same region, 
and they found lower N and P losses due to runoff (N losses amount to 350 mg m-2 and P 
losses 150 mg m-2). 
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Figure 6.2 Average N and P losses due to runoff and erosion for unburnt, 1x burnt and 4x burnt plots. 
 
This study confirms that wildfires induce marked changes on nutrient cycles, which could 
lead to serious degradation of ecosystems on-site, and affect water quality off-site also. 
 
 
6.1.3 The short-term effectiveness of surfactant seed coating and pine needle 
(mulch) treatment in reducing post-fire runoff and erosion 
 
The implementation of fire management practices such as keeping burnt woody materials 
on the soil surface, sowing and mulching are essential for reducing post fire runoff and 
protecting soil fertility and helping vegetation recovery (Fernandez-Manso et al., 2016). 
Although fires play an important role in the regulation and development of Mediterranean 
forest ecosystems, they also can result in desertification by increasing runoff and erosion 
which leads to the physical degradation of land (Shakesby, 2011).    
 
Since the lack of surface cover is a key factor affecting the increased runoff and erosion 
rates in many settings (Chapter 2), a promising and regularly applied mitigation treatment 
is mulching (Prats et al., 2016b). Mulching often consists of log slash, bark or pine needles 
(Prats et al., 2012; Shakesby, 2011) which directly prevent soil erosion by creating a 
protective cover over the soil. However, mulching has rarely been used in post-fire land 
management (Prats et al., 2016b; Prats et al., 2012). In this research, we tried to compare 
and test methods to reduce runoff and erosion in the 4x burnt sites by using pine needles 
as a mulch to cover the soil. Since the needles serve as a ‘carpet’ over the soil, the rain is 
intercepted and therefore is less able to transport underlying sediment. Indeed, the pine 
needle mulch significantly reduced (to almost one sixth) the total erosion as compared to 
the control plots in our study. This was also assessed by Pannkuk and Robichaud (2003), 
although their study was a laboratory experiment with simulated rainfall on granitic soil 
using different species of vegetation.   
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Another post-fire management method is sowing grass or pine seeds, which contributes to 
restoring soil cover with vegetation, and subsequently reduce runoff and erosion potentials. 
The recent development of coating seeds with a soil surfactant has shown promise for 
improved seedling survival, and therefore could be applied in burnt areas also  (Madsen et 
al., 2012). Soil surfactants reduce the surface tension of water and enhance the wettability 
of the soil, resulting in improved infiltration and retention of water and a reduction of runoff 
(Moore et al., 2010). Although it is rather well documented that soil surfactants alone can 
reduce the soil-water repellency and enhance infiltration (Moore et al., 2010; Leighton 
Boyce et al., 2007), their application via surfactant-coated seeds has received less attention. 
We examined the effect of sowing pine seeds alone, pine seeds + mulch, and grass seed – 
with or without a surfactant coating. 
 
In our research, sowing pine seeds alone was not effective for reducing runoff, however, the 
pine seeds plus mulch treatment and the surfactant-coated grass seed treatment were both 
quite effective. Total runoff in areas treated with surfactant-coated grass seed application 
was significantly lower (67%) compared to areas sown with non-coated grass seeds. Where 
pine seeds + mulch was applied, total runoff was about 40% lower than from the bare soil 
plots.  In areas where it is possible to apply revegetation measures, the treatments assessed 
might offer effective and promising options. 
 
The treatments pine seeds plus mulch and surfactant-coated grass seed also substantially 
decreased erosion induced soil and OM losses. This supports what has also been reported 
by Madsen et al. (2013a) and Prats et al. (2013), respectively. Furthermore, the application 
of seeds alone, either grass or pine, did not result in significantly lower total runoff and 
erosion, which is in line with findings of MacDonald and Larsen (2009) stating that the most 
effective methods to reduce erosion rates are those that immediately cover the soil. 
However, based on our findings and previous work of others, it might be concluded that a  
combination of mulching and revegetation with surfactant coated seeds could be the most 
effective treatment for minimizing runoff and erosion, both on the short and long term. 
 
 
6.1.4 Developing generalized parameters for post-fire erosion risk 
assessment using the revised Morgan-Morgan-Finney (MMF) model for 
north-central Portuguese pine stands  
 
Post-fire erosion is an important societal concern due to the loss of soil fertility, impact on 
downstream water resources, as well as resulting social-economic impacts. Better insights 
in post-fire erosion dynamics might offer more accurate information or related on and off 
site environmental impacts. Simulation modelling might be helpful from this perspective.   
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Modelling efforts for burned areas, including erosion predictions after fires, have been a 
research goal of several studies. However, there is still a need to improve representation of 
interacting processes in burnt areas and determination of appropriate model parameters. 
So far, model applications tend to focus on specific study sites and single fires vs 
frequent/recurrent fires, and are not necessarily generally applicable. In Chapter 5 of this 
thesis simulation of the impact of recurrent wildfires on runoff and erosion using the revised 
Morgan-Morgan-Finney (MMF) model has been presented. The MMF model was selected 
for this purpose due to its suitable set-up, limited data demand and easy applicability.  
 
In our study, the MMF modelling approach did not provide accurate estimates of annual 
runoff for different plots or between fire recurrence sites. However, the model was capable 
to simulate the markedly higher soil losses at the frequently burnt sites reasonably well 
when compared to the single burnt sites. The model also achieved reasonable efficiency for 
the prediction of post-fire soil erosion. For annual erosion rates in single and frequent burnt 
sites model efficiency was rather good with a Nash-Sutcliffe coefficient of efficiency of NSE 
= 0.54.   
 
These results are comparable to previously reported data derived from MMF applications in 
burnt areas in Portugal (Vieira et al., 2014), and in north-western Spain (Fernández et al., 
2010). Erosion loss in the MMF model is a function of soil detachment and transport, which 
are affected not only by the amount of runoff, but also by other regulating factors such as 
slope, soil erodibility and vegetation cover (Morgan, 2001). Therefore, simulated erosion 
rates might fit well to observed data, despite that runoff simulations shows poor 
resemblance with field observations. This clearly shows limitations of the current version of 
the MMF model, which needs further attention and improvements in the future. 
 
 
6.1.5 Implications for post-fire land management  
 
The results of this study confirmed that recurrent wildfires have more adverse 
environmental impacts than sporadic ones. Furthermore, the importance of finding ways to 
quickly create a protective soil layer in order to minimize post-fire erosion and soil nutrient 
losses has been revealed and highlighted clearly. Areas that have experienced or are prone 
to recurrent wildfires need other types of land management actions than areas that have 
experienced just one fire in several decades. 
 
Although our studies were conducted on the microplot scale, it is clear that repeated 
wildfires delayed vegetation recovery and the re-establishment of the litter layer. Repeated 
wildfires also strongly increased the runoff coefficient and the risks for soil erosion, OM 
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losses and nutrient transport by runoff to downstream regions. Therefore, short term 
protection of the surface layer could be a fast and effective way to save soil and soil fertility 
after a fire. Applications have been tested and shown to be effective. These practices might 
be applicable on the wider special scale and should receive further attention by land 
managers, land users, and governmental institutions. 
 
 
6.2. Conclusions and recommendations 
 
Based on the findings of this thesis project, a number of conclusions and recommendation 
can be made particularly with regard to areas susceptible to high wildfire frequency. Fire 
frequency has a pronounced effect on the environment and deserves further attention in 
research, land use planning and management. When areas experience recurrent fires over 
several decades, the typical post-fire problems are more severe and the risk of 
desertification is greater than in areas exposed to sporadic fire. This has implications for the 
management of these areas. Although our findings that the impact of frequent fires is 
greater than that of individual fires seem logical, this is the first time that this has been 
systematically investigated  and quantified.   
 
In addition to the main conclusion that multiple wildfires cause more erosion than single 
fires, other conclusions and recommendations of this PhD study are the following:   
 
 Forest fire prevention is the best land management strategy to preserve valuable natural 
resources;  
 Repeated wildfires strongly increase runoff due to absence of vegetation and/or litter 
cover;  
 OM loss is really high in the frequently burnt sites due to deeper burning into the humus 
layer. This degrades and destabilizes the soil more than in cases where there is surface 
vegetation as fuel, and also leads to higher N and P losses by runoff than single wildfires. 
This changes nutrient cycles, which may lead to severe degradation of ecosystems;   
 Repeated wildfires obstruct the recovery of vegetation and the re-establishment of the 
litter layer to a greater extent than single fires. This enhances to a vicious cycle of runoff 
and soil and nutrient loss that further decrease recovery potential of the soil cover 
needed to reduce soil loss and support plant growth; 
 In addition to fire frequency, surface cover, soil moisture, soil water repellency and rain 
intensity also affected runoff, soil erosion, and OM losses; 
 Soil cover is the primary factor in decreasing runoff and protecting slopes against erosion 
after fire. Therefore, mitigation strategies should focus on promoting the recovery and 
regrowth of vegetation; 
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 Use of surfactant-coated seeds and/or pine needle mulch in a burnt area after fire will 
protect the bare soil and promote rapid regrowth of vegetation, as well as effectively 
minimising runoff and erosion risks; 
 The MMF model has been shown to be a valuable tool to simulate runoff and erosion 
dynamics after single or multiple wildfire, although the model has limitations also.  
 
 
6.3 Limitations and research challenges  
 
The present work evaluated the effects of fire frequency on runoff and soil and nutrient 
losses by overland flow at the micro-plot scale in a burnt Mediterranean area, addressing a 
topic that has recieved limited attention so far. Nonetheless, the results of the current work 
should be looked at with some caution, since the micro-plot scale on which our research 
was done may not be representative of post-fire hydrological and erosive processes at the 
entire hillslope or catchment scale. An additional limitation of the project is that it only 
focused at fire frequencies of 0, 1 and 4x burnt sites in a 37-year period, and didn’t explore 
other frequencies and/or sequences. Despite these limitations, the present findings 
advance the current state of knowledge on effects of repeated fire on post-fire runoff, soil 
erosion and soil fertility in the Mediterranean region.  
 
In order to further increase our understanding on relations between fire frequency and 
changes on soil-vegetation systems, the following deserves to be explored in the near 
future:  
 Studies on other spatial and temporal scales than addressed in this thesis;  
 Besides fire frequency, also investigate effects of fire intensity on soil and vegetation 
changes during and after wildfire; 
 Attention to more integrated, physically based, modelling of soil-vegetation systems 
exposed to one or multiple wildfires;  
 Testing of other restoration and regreening measures for wildfire affected areas, 
including related cost-benefit analysis; 
 Designing land management systems, accounting for minimizing wildfire risk 
occurrence; 
 Developing and testing of innovative, low-cost and widely applicable wildfire prevention 
and remediation technologies; 
 Defining science-based recommendations for policy makers to improve land 
management and land use, to minimize wildfire risk, and maximize restoration and 
regreening potentials of fire affected areas. 
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English summary 
 
Wildfires, especially in Mediterranean settings, are causing substantial environmental 
damage. Numerous studies have investigated the short-term impacts of single wildfires, but 
few studies have explored the effects of repeated wildfires on the soil-vegetation system. 
Changes in vegetation cover and soil properties as a result of repeated wildfires have 
important hydrological and geomorphological consequences, in particular in relation to 
runoff, erosion and nutrient losses. 
 
Chapter 2 focuses on unraveling the effects of fire frequency on runoff, soil erosion, and loss 
of organic matter at the micro-plot scale. Field experiments showed that repeated wildfires 
strongly increased the loss of vegetation and litter cover, and resulted in distinct soil 
property changes. Furthermore, especially, the loss of litter cover strongly influenced runoff 
generation, soil erosion and organic matter losses during high intensity rainfall events. 
 
Chapter 3 investigates soil fertility losses caused by post-fire overland flow. Results show 
that N and P content in runoff water were significantly higher in the burnt sites than in the 
control. Furthermore, the impacts of fire frequency revealed that both N and P losses were 
significantly higher for the 4× burnt sites than for both the 1× burnt and unburnt sites. 
Nutrient losses were especally high after high intensity rainfall events.  
 
Chapter 4 reports on testing of regreening techniques and post-fire management. Runoff 
and erosion after repeated wildfires in a maritime pine forest were investigated under 
different remediation treatments. The effectiveness of four runoff and soil erosion 
mitigation methods were examined, namely: i) sowing pine seeds, ii) sowing pine seeds 
combined with pine needles, iii) sowing grass seeds and, iv) sowing surfactant-coated seeds. 
Results indicate that treatment T2 and T4 performs best in reducing runoff and erosion, 
while treatments T1 and T3  had marginal efects only. Especially, treatment T2 provide a 
valuable strategy for wide-scale implementation after successive wildfire to minimize 
further environmental deterioration.   
 
In Chapter 5 the revised Morgan-Morgan-Finney (MMF) model was used to simulate the 
impact of recurrent wildfires on runoff and erosion. The MMF model performed reasonably 
well for soil erosion predictions but poor for runoff. In particular, the effective hydrological 
depth and slope angle are main model parameters requiring accurate data to acquire 
reliable model outputs. Due to the limitations of the current MMF modelling approach, 
further attention and improvements are needed in the future.  
 
 
 
124   
 
 
Chapter 6 presents an extensive synthesis covering discussion, conclusions, 
recommendations, and future research priorities. In short, the study done provides a better 
understanding of the effects of fire frequency on runoff generation and soil erosion losses. 
Also, a range of promising remediation treatments have been tested intended to recover 
fire-affected sites as quickly as possible. With this respect, enhancing soil coverage, e.g. by 
applying pine needle and/or surfactant coated seeds, have proven to be effective strategies. 
Furthermore, the revised MMF modelling approach used in this study has potential for 
further application, for instance as a post-fire land management decision tool. 
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